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Chapter 1

Introduction

This dissertation describes the first CP asymmetry parameter sin(23) mea-
surement by the D@ collaboration running at the Fermilab proton-antiproton
collider (Tevatron). The analysis uses the opposite side jet charge tagging algo-
rithm (JETQ), which was developed for this study, to determine the production
flavor of the reconstructed neutral B-mesons. The tagging algorithm is tested us-
ing Monte Carlo samples that include all three major bb production mechanisms
(Flavor Creation, Flavor Excitation, and Gluon Splitting).

It is shown that the JETQ tagging result is a function of A¢, the azimuthal
cone about the reconstructed B-meson, and pr, the transverse momentum of the
B-meson. We have compared the JET(Q tagging results using a data sample of
fully reconstructed B* — J/¢K* with our MC results. Good agreement has
been found.

The JETQ tagging algorithm is then used to measure the CP asymmetry



parameter sin(23) from By — J/¢ K, using both the time dependent and time
integrated asymmetry. The time integrated measurement yields sin(23) = 0.82+
1.80, and the time dependent asymmetry gives sin(23) = 1.80 & 1.15. Both
results are consistent with the world average value for sin(23). The integrated

luminosity of the data sample used in this analysis is 225 pb~?.



Chapter 2

Theoretical Survey

High energy physics studies the fundamental properties of elementary parti-
cles. Any theory of elementary particles must be consistent with both the special
theory of relativity and quantum mechanics. Dirac’s equation successfully united
the two theories and laid the foundation for Quantum Field Theory (QFT), which

is used to describe high energy physics.

2.1 The Standard Model

All known particle physics phenomena are well described within the Standard
Model (SM) of elementary particles and their fundamental interactions. In this
section, we give a brief overview of the Standard Model [1] [2]. We discuss
in section 2.1.1 the fundamental particles and in section 2.1.2 the fundamental

interactions. In section 2.1.3, some important elements of the Standard Model



are discussed, such as Quantum Electrodynamics, Quantum Chromodynamics,

ete.

2.1.1 Fundamental particles

The Standard Model asserts that the material in the universe is made up
of elementary fermions, which are the sources of the fields through which they

interact. The particles associated with the interaction fields are gauge bosons.

The elementary fermions are subdivided into two types of elementary par-
ticles: leptons and quarks. These particles are grouped into three generations,
with each generation consisting of two leptons and two quarks. Therefore there
are altogether six leptons and six quarks. The leptons are the electron, tau,
muon, and their associated neutrinos. The quarks are down, up, strange, charm,
bottom and top. The name of a quark is also known as its flavor. There is a
very important difference between quarks and leptons: each quark carries one of
the three colors (Red, Green, Blue) - the charge of the strong interaction, leptons
don’t. Table 2.1 and 2.2 (from PDG group, 2002) summarize the basic properties

of leptons and quarks.

The gauge bosons are composed of eight gluons and the photon v, W* and
7. As for the theoretical aspects, the SM is a quantum field theory that is based

on the gauge symmetry SU(3). x SU(2)r x U(1)y. This gauge group includes the



Lepton Charge | Mass(MeV/c?)
Electron(e) -1 0.511
Electron Neutrino(z,) 0 < 3x107°
Muon(p) -1 105.7
Muon Neutrino(v,) 0 <0.19
Tau(r) 1 1777
Tau Neutrino(v;,) 0 <18.2

Table 2.1: Properties of fundamental leptons

Quark Charge | Mass(MeV/c?)

Up(u) 2/3 1.5~ 4.5
Down (d) -1/3 3.0~9
Charm(c) 2/3 1000. ~ 1400

Strange (s) | -1/3 60 ~ 170

(
Top (t) 2/3 | 174.34+5.1 GeV
Bottom (b) | -1/3 | 4000 ~ 4500

Table 2.2: Properties of fundamental quarks

symmetry group of the strong interactions (SU(3).) and the symmetry group of
the electroweak interactions (SU(2), x U(1)y). The gluons are the gauge bosons
of SU(3).. the v, W* and Z are the gauge bosons of SU(2); x U(1)y. Table 2.3

from PDG group, 2002) summarizes the basic properties of the gauge bosons.
group,



Boson | Charge | Mass(GeV/c?)
gluon 0 massless
y 0 massless
W= +1 80.419
Z 0 91.19

Table 2.3: Properties of the gauge bosons

2.1.2 Fundamental interactions

There are four types of interactions in the SM: gravitational, electromagnetic,
weak and strong.

The gravitational interaction describes the force between particles that re-
sults from their mass. Isaac Newton was one of the pioneers studying the
interaction and proposed the Law of Universal Gravitation over 300 years ago.
In the SM, the gravitational interaction is assumed to be mediated by gravitons,
although they have not been found in any experiment. The most promising ap-
proach to developing a quantum theory of gravity may be String Theory, which
asserts that elementary particles are not point like but rather are small lines or
loops of energy, “strings”.

The electromagnetic interaction describes the force between charged particles
through the exchange of one or more photons. Quantum Electrodynamics (QED)
has been very successful at explaining the electromagnetic interaction. This the-

ory not only includes classical electrodynamics in the limit of large distances,



but also explains purely quantum phenomena such as the structure of atoms and
molecules, pair production (7 — ete™), etc. The prediction of the anomalous
magnetic moment of the electron is probably the most accurate prediction. It
has been experimentally confirmed to 11 decimal digits!

The weak interaction describes the force between elementary particles me-
diated by W= or Z bosons. There are a number of conservation laws that are
broken by weak processes, e.g. parity violation. The weak interactions have been
united with the electromagnetic interactions in the Weinberg-Salam Model.

The strong interaction describes the force between quarks mediated by glu-
ons. The strong interaction binds protons and neutrons together in the nuclei
of atoms. Leptons don’t involve the strong interaction. Quarks are described as

)

having “red,” “green,” or “blue” color and anti-color for anti-quarks. Because of
the color property of quarks, the theory which describes the strong interaction
is named Quantum Chromodynamics (QCD). No free quarks have ever been ob-
served due to its strong interaction field. Quarks are bound together in hadrons.
There two types of hadrons: mesons (quark and anti-quark pairs) and baryons
(triplets of quarks). Consequently, it is hypothesized that only colorless particle
can be observed in nature, for example, a meson may consist of red and anti-red
quarks, and a baryon may consist of a red, a green, and a blue quark (the result

is a colorless baryon). Glueball is a fascinating prediction of this hypothesis. It

consists of bound gluons, forming a lump of pure energy.



2.1.3 Some Important Elements of the Standard Model

The Standard Model is a Quantum Field Theory with the requirement of
local gauge invariance. There is a symmetry S when the physical system under
study has an invariance under the transformation given by S or, equivalently,

when the Hamiltonian of this system H is invariant, i.e.,

SHS*=H (2.1)

2.1.3.1 Symmetries

Symmetries can be classified differently based on different ways. Classified
by the kind of parameters, symmetries can be divided. There are two basic types

of symmetries:

1. Discrete symmetries: The parameters for this symmetry take discrete val-
ues only. For examples, Parity P: flip the coordinate in a physical system;
Charge Conjugation C: flip the charge of all particles in a physical sys-
tem; Time Reversal T flip the time. The CPT Theorem asserts that all
interactions must be invariant under the total transformation given by the
combination of C, P, T, irrespectively of their order. The electromagnetic
and strong interactions are invariant in P, C', T separately as well as any

of their combinations. The weak interaction can violate C, P and C'P.



2. Continuous symmetries: The parameters take continuous values. An ex-
ample of this type are the rotations (R(#)), where the rotation angle 6 can

take any values.

The following two asymmetries play very important roles in the Standard Model.

They are both continuous symmetries:

1. Global symmetries: the continuous parameters of the transformation do
not depend on the space-time coordinates. For example, a global rotation

by a given phase ¥ — e’ @0

2. Local (Gauge) symmetries: the continuous parameters of the transforma-
tion do depend on the space-time coordinates, e.g. when the global phase

changes to a local one, giving ¥ — ")

There are two theorems/principles that apply to the two symmetries and give
important physical implications. Noether’s Theorem asserts that for a physical
system having a global symmetry, there must be a current and the associated
charge that are conserved. The Gauge Principle requires new vector boson fields
(interaction fields) to be introduced to keep the local gauge invariance. This will
discussed more in the following sections.
2.1.3.2 The Gauge Theory of Electromagnetic Interactions: QED
Quantum Electrodynamics is the most successful Gauge Theory and has

been tested up to an extremely high level of precision. To construct the QED



Lagrangian, one starts with a free Dirac field ¥ with spin %, mass m and electric

charge Qe. The field is described by the Dirac equation
(iv"0, —m)¥(z) =0 (2.2)
The Dirac Lagrangian density is thus given as follows
L =i¥(z)7y"9,¥(x) — m¥(z)¥(z) (2.3)

The Lagrangian in Eq. 2.3 is invariant under a global gauge transformation which

act on the field as follows
U — 0 U — el (2.4)

By Noether’s Theorem, this global U(1) invariance of L implies the conservation
of the electromagnetic current, J,, and the electromagnetic charge, e). However,
the Lagrangian L is not invariant under a local gauge transformation, but yielding

an additional term from the derivative term as follows
L — L—Q(8,0)¥y"V (2.5)

To insist on local gauge invariance, we can introduce a gauge field A,, which
transforms under a local gauge transformation according to the rule (It is inferred
by the Maxwell Equations, since under this gauge transformation, the Maxwell
equations are invariant)

1

Ay — Ay = 20,6(a) (2.6)
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The introduction of the new boson field (photon field) A, leads to the complete
QED Lagrangian, invariant under a local gauge transformation

1

L = iUA"9,¥ — m¥ W — (eQUA"0,V)A, — 16
7T

F"™F,, (2.7)

where —ﬁF " F,, corresponds the kinetic energy term of the introduced gauge
field. The mass of the gauge field has to be zero, because the mass term will spoil
the local gauge symmetry under the transformation in Eq. 2.6. The interaction
term (eQU~*9,V)A, describes the electromagnetic current interacting with the
photon fields.

After introducing a covariant derivative
D, =0, +ieQA, (2.8)
the Lagrangian can be written in a more concise form
= - 1
L =1U4"D, ¥ —mUI¥ — KF’“’FW (2.9)
T

Finally, the gauge group for electromagnetic interactions is U(1),,, with one gen-
erator, () and one parameter 6.
2.1.3.3 The Gauge Theory of Strong Interactions: QCD

Quantum Chromodynamics describes the strong interactions. It is based
on the local gauge symmetry of the color state transformations which leave the

Hamiltonian of the strong interaction invariant. The free Lagrangian of QCD is

L =iqy"0,q —mqq (2.10)
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where

qr

= |a (2.11)
4y

7 = (@& @ q,) (2.12)

The ¢, g, g, correspond the three color states of quarks. For the same reason as
mentioned in the QED case, this free Lagrangian is not invariant under the local

gauge transformation as follows

ia(z)Ta

q(z) = Uq(z) = e q(z) (2.13)

where U is an arbitrary 3 x 3 unitary matrix. 7, are a set of linearly indepen-
dent traceless matrices with a = 1, ..., 8, and o, are the group parameters. A

summation over the repeated suffix a is imposed.

To keep it invariant under the local gauge transformation, new boson fields
must be introduced. Actually, eight gauge fields (GZ are introduced, each trans-

forming as

1
G, — G — gauaa — fabewG, (2.14)

fare are real constants, called the structure constants of the group. The La-

grangian density of QCD finally becomes

1
~Ge, G (2.15)

L =igy"0,q — mqq — g(q"' T.q) G}, — 1 G
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G" is the gluon field strength defined as
Gl =0,G} — 0,GY, — gfabCGZGf, (2.16)

%GZVG"” is the kinematic energy of the gluon field. The interaction term
a

g((j'y“Taq)GZ describes the quark flux current interacting with the gluon fields.

Again, one can define the covariant derivative as follows
D, =0, +igT,G;, (2.17)
to write the Lagrangian in a more concise form

L G (2.18)

L =igy"D,q —mqq — 1w

2.1.3.4 The unification of the electromagnetic and weak interactions:
The Electroweak Theory
To combine the weak and electromagnetic interactions, we must replace the

interaction term in QED Lagrangian with the following two basic interactions
—ig), - W +—'g—,'YB“ (2.19)
1gJd, L 5 du .

WH# and B* are the fields in the electroweak interactions. The observed fields are

the mixed of W# and B* through
1 :
Wf = §(W;} + W2 (massive) (2.20)

Z,=—B,cosb, + Wi’ sind,, (massive) (2.21)
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A, = By cos 0, + W sinb, (massless) (2.22)

where 0, is the Weinberg angle. The W* and Z gauge bosons were discovered at
CERN in 1983. Their massive properties cause the weak interaction to be short
ranged. Massive bosons will spoil local gauge invariance. To describe the short
ranged weak interactions by a gauge theory without spoiling gauge invariance,
the Higgs Mechanism was proposed. The Higgs Mechanism applies spontaneous
symmetry breaking (SSB) to a gauge theory. Finally, the Lagrangian density of

the Electroweak Model can be written in symbolic form as
L=L(f,G)+L(f,H)+ L(G,H) + L(G) — V(H) (2.23)

where f stands for fermions, G for gauge bosons, and H for the Higgs doublet
(Discussed in the next section).
The CabibboKobayashiMaskawa (CKM) Matrix

In the Standard Model, the quark mass eigenstates are not equal to the weak
eigenstate. The CKM matrix rotates the quark mass eigenstates into the weak

eigenstates as follows

d, Vud Vus Vub d
S| =V Ves Va S (2.24)
v Vie£ Vis  Va b

The CKM matrix is a 3 x 3 unitary matrix. Its individual elements are the proba-

bilities that a quark will turn into a different kind of quark in a weak interaction.

14



Hf-l'i -3:?}

» ¥ B

*
Vf'.‘d o h

Figure 2.1: The unitary triangle.

The elements are not predicted by theory, but measured in experiments. The

unitarity property gives a number of constraint equations such as

|Vud|2 + |Vus|2 + |Vub|2 =1 (2.25)

ViaVip + VeV + ViaViy = 0 (2.26)

Equation 2.26 describes a triangle in the complex plane, called the unitary triangle
shown in Fig. 2.1. The lengths of the sides are |V,4V;|, etc. The angles are given

by

ViaVi,
Vudvu*b

_ VeV
ViaViy,

Vud u*b
VeV,

| B=arg]

] (2.27)

a=arg|— | v=arg[—

where o + f + v = 7.
For a real 3 x 3 unitary matrix, there are nine parameters with six constraint
equations from UUT = 1. Therefore, there are only three independent parameters

to be determined, corresponding to the three Euler angles of the rotation matrix.
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For a complex 3 x 3 unitary matrix, there are eighteen parameters and nine
constraint equations. It is much easier to see this by writing the matrix elements
in form of e Ay;. Using this form, one can immediately see that the diagonal
elements in the expansions of equation UUT = 1 only constrain the real part,
therefore giving three constraints. The off-diagonal elements are symmetric, ex-
cept a flipped sign in each imaginary part, giving three constraints in the real
part and three constraints in the imaginary part. Therefore the number of the

total constraints is nine, and the number of the independent parameters is nine.

Again, three of the nine parameters are the Euler angles of rotation. There
are five unobservable parameters, since the phase of each quark can be changed
freely (as long as the difference between phases remains constant) without caus-
ing any observable effect. The last independent parameter is the measurable
phase parameter. With the four measurable parameters, the CKM matrix can
be written in the following form

C12C13 81213 S1z3e” 13

N 6 .6
V= —s19Co3 — C12523513€"®  C1aCo3 — S12523513€"13 $23C13 (2.28)

013

. s
$12823 — C12C23513€" —C12823 — $12523513€"13  C23C13

with ¢;; = cos0;; and s;; = sin6;; for the “generation” labels i,j = 1, 2, 3. The

area of the unitary triangle is |J|/2, where J is given by

2 .
J == 612023013812823813 S1n 513 (229)
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2.2 Heavy Quark Production

The term “heavy quark” refers to a parton with mass large compared to
the QCD scale A. Hadron colliders are by far the largest source of heavy quarks
available today. Heavy quark production at hadron colliders provide a quantita-
tive means of testing perturbative QCD at the next-to-leading order (NLO) in
the limit of large masses relative to Agep.

At hadron colliders the production of heavy quarks is described by QCD.
The creation of heavy quarks at pp collider is hypothesized to occur via the
interaction of the partons in the beam particles. These partons are the valence
quarks of the hadron and the gluons and sea quarks. Sea quarks exist in a proton
due to the frequent gluon splitting process. Compared with the valence quark,
they carry much smaller fraction of the total momentum of the proton. For
the b-quark productions, the distribution most commonly studied in the hadron
collider experiments is the b-quark transverse momentum distribution in a fixed

pseudorapidity region:

o(pr > pi™) / dn / dp do” (2.30)
T T — T .
| <limazl  Jppsppin - dndpr

In hadron collisions, heavy quark production at leading order (LO) occurs

through both ¢g annihilation (¢¢ — QQ), and § and ¢-channel gluon-gluon fusion
(99 — QQ). The two processes dominate in different regions of phase space, with

qq annihilation being the major process near the QQ threshold and large pr, and

17



gluon processes dominate at low py. At the Tevatron, bb production is dominated
by gluon processes, while 90% of the # production is due to ¢g annihilation.

NLO calculations of heavy quark production have been available for a long
time [6] [7]. These processes include ¢7 — QQg, g9 — QQq, 97 — QQqF, g9 —
QQg. In addition to the NLO processes of ¢¢ annihilation and gluon-gluon fusion,
two other subprocesses come into the total b production, namely, flavor excitation
and gluon splitting. The detail of the subprocesses will be discussed in chapter
6.

The comparisons of NLO QCD with the Tevatron data have been made by
both the D@ and CDF experiments. Figure 2.2 shows results from the DO ex-
periment compared to theory. Figure 2.3 shows results from the CDF experiment
compared to theory. There is good agreement between the shape of the distribu-
tion observed in data and that predicted by theory. However, the data are higher
by a factor of approximately 2 with respect to the NLO QCD prediction when
the default parameters (u = o) are used.

The contributions to the total heavy quark production from the higher orders
were found to be important mainly in two regions: near threshold, corresponding
to the low py domain, and very large pr. It has been shown in [8] that the
total b-quark cross section at the Tevatron is increased no more than 30% by
the threshold effects. The effects are explained by initial state gluon radiation

and Coulomb enhancement from the virtual gluon exchange between the heavy
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quarks. The enhancement is due to the exchange of a spin 1 gluon in the ¢ channel.
At large momentum, the b-quark behaves more and more like a massless particle,
radiating an increasingly large amount of its energy in the form of hard, collinear
gluons. This physical phenomenon is associated with the presence of logrithms
of the form log(pr/m), which appears at all orders in perturbation thery. It
has been shown in [9] that some logarithmically enhanced higher-order terms are

negative and small up to transverse momenta of order of 20 GeV/C'

2.3 B mixing and CP violation

BY — BY mixing refers to transitions between the two flavor eigenstates |B°)
and |B%). CP violation in B mesons is caused by the non-vanishing phase in the
CKM matrix. CP violation in the B-system has a close relation to B mixing. In
section 2.3, we discuss B mixing. B CP violation and its relation to B mixing is

discussed in section 2.3. For more information, refer to Ref. [12] and [13].

2.3.1 B mixing
In strong interactions, the neutral B mesons are produced in two well defined
flavor eigenstates: |B°) (containing a b) or |B°) (containing a b). Their evolution

in time is ruled by the Hamiltonian equation
0 (|B% 1 | BY)
h—| = =M-=I){, - 2.31
3 1m) = 1= 50 230
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Figure 2.4: Standard Model box diagrams including B° — B® mixing.
where M and T' are the mass and decay matrices respectively. These matrices
are Hermitian, and CPT invariance requires My = Moy = M and I';; = 'y = T

In the Standard Model B — B° mixing is caused by the fourth order flavor
changing weak interaction described by the box diagrams in Fig. 2.4. In such
transitions, the bottom quantum number is changed by 2 (|JAB| = 2). |AB| =2
transitions induce non-zero off-diagonal elements in 2.31. The two mass eigen-
states are labeled as |By) (Not BT and B~ meson!) which can be expressed in
the basis of the flavor eigenstates

|B.) = p|B°) £ ¢|B°) (2.32)
with corresponding eigenvalues
;

i
Ar = (M — §F) + %(Mm - §F12) (2.33)

q_ [Mi—5lh %FE (2.34)
p My — 3T
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The convention where Re(g/p) > 0 and CP|B°) = | B°) has been used. From Eq.

2.32, it is easy to obtain the evolution of a pure |B%) or |B°) state at t =0
q _
|B%(t) >= g+.(t)| B°) + 9 (£)|B) (2.35)

|BO(t) >= g, (t)| BY) + gg (t)| B (2.36)

$(e7+t £ e7-1) Equations 2.35 and 2.36 says that, for a |B°)

where g1 (t) =
state produced at ¢t = 0, there is a finite probability of finding it in a |B°) state
at time t, and vice versa. This phenomenon is known as the mizing of B meson.

The time-dependent probabilities of unmixed and mixed are proportional to the

squared amplitude of the corresponding coefficients

—I't t

gL ()] = eT[cosh(ATF) + cos(Amt)] (2.37)

where

Am=|M, -~ M|, Al=|[,—T_| (2.38)

For the BY mesons, |Mj2/T19| is about 1000. Therefore, in the time period of
observing the mixing of BY, it is safe to assume AI' & 0, making g+ (¢) take on
the simple form

lg+(1))? = %t[l + cos(Amt)] (2.39)

2.3.2 CP violation in B mesons
CP violation was first observed in the neutral kaon system [14]. The neutral

kaon system has a short lived particle called K, and a long lived particle called
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K. K, has CP eigenvalue of 1, thus decaying to 2 pions. K has CP eigenvalue
of -1, decaying to 3 pions. In 1964 the experiment of Jim Cronin and Val Fitch
showed that a small fraction of the time (about one case in every 500, a fraction

called epsilon) the K decays to 2 pions, a clear signature of CP violation.

CP-violating effects in decays of B mesons were predicted later in [15]. Ac-
cording to the Standard Model, CP violation occurs in the weak interaction, more
specifically it is in the quark flavor-changing process due to the weak interaction.
The Standard Model predicts that CP violation is caused by a non-vanishing
phase in the quark mixing matrix, i.e. CKM matrix. It was found that all CP

violating quantities are proportional to .J.

There are three different types of CP violations: indirect CP violation, di-
rect C'P wviolation, CP wviolation of interference. To study them, we define the

transition amplitude for |B%) — f and |B°) — f and their ratio below

A(f) = (fIH|B")
A(f) = (fIH|B")
- A(f)

p(f) = A (2.40)

where fis a final state that is possible for both |B%) and |B°). Using Eq. 2.35
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and 2.36, the time dependent transition rates are calculated to be

(|1BY(1)) — f) o

e A(S)P[(1 + cos(Amt)) + (1 — COS<Amt))|]%|2lp(f)|2

+ Rel4eg (t)gi(t)(%)p(f)ﬂ (2.41)
(|1BY(1)) — f) o

e AP + cos(Ami)) + (1 — cos(Amt>>|§|2|p<f>|2

+ Re[4e”g—(t)gi(t)(g)p(f)]] (2.42)

The indirect CP violation is caused by the apparently different mixing rates
between |B%) and |B%) when |q/p| # 1(see Eq. 2.35 and 2.36). It is related
to a non-vanishing relative phase between the mass and the width parts of the
mixing matrix that causes |q/p| # 1. If the relative phase is 0, there will be no

B° mixing, and no indirect CP violation.

The direct CP violation is caused by a difference in phase between the two

decay amplitudes in equation 2.40. This phase difference leads to |p(f)| # 1.

For the transitions of B® — f and B® — f, there is interference between
decays with and without mixing whenever Arg((q/p)p(f)) # 0, causing the CP
violation of interferences. We can understand how this interference cause dif-

ferences between the interference terms in Eq. 2.41 and 2.42 by noting that
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Arg((q/p)p(f)) # 0 means ((q/p)p(f)) is a real number. Therefore the interfer-

ence term is identical if |p(f)| =1 and |¢/p| = 1.
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Chapter 3

The DO Detector

This chapter contains a brief description of the D@ detector. The details of

the detector can be found in Ref. [17] [18].

3.1 Introduction

3.1.1 The Fermilab Tevatron

The DO detector is located at the Fermilab pp Tevatron collider. The Teva-
tron is presently the world’s highest-energy hadron collider, with a center-of-mass
energy of 1960 GeV. Figure 3.1 shows the schematic of the accelerator complex.

A brief description is provided in Fig. 3.2 for the generation of 1960 GeV
proton and antiproton colliding beams at the Tevatron collider. The beams origi-
nate in the preaccelerator (Preacc). There, H™ ions are formed and accelerated to

750 KeV by an electrostatic Cockroft-Walton accelerator. The ions are bunched
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Figure 3.1: Schematic of the Fermilab accelerator complex.
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Figure 3.2: The generation of the pp colliding beams at the Fermilab collider
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and transported to the start of the Linac. The Linac takes the Preacc beam and
accelerates it to 400 MeV using Radio Frequency (RF) drift tubes arranged in a
straight line. After emerging from the Linac, the ions enter the Booster. Located
6 m below ground, the Booster is an approximately circular accelerator with a 75
m radius that contains magnets and 18 RF cavities. In the Booster, the ions are
stripped of their electrons by passing through a carbon foil, leaving bare protons.
The protons are then accelerated to 8 GeV and injected into the Main Injector
(MI). The Main Injector is a circular accelerator that is a little more than half the
circumference of the Tevatron. It contains various magnets and 18 RF cavities.
It serves two functions: 1) accelerate protons to 150 GeV; 2) accelerate protons
to 120 GeV as a preparation for the production of antiproton.

The antiproton is produced by the Antiproton Source. The Antiproton
Source consist of three components: Target, Debuncher and Accumulator. The
120 GeV protons extracted from the Main Injector are directed onto a target of
nickel. The result is a spray of particles, some of which are antiprotons (It takes
one hundred thousand to one million protons to make a single antiproton.). The
emerging particles pass through a solid Li cylinder along its axis. The Li cylinder
carries large pulses of current (500,000 A) anti-aligned with the particle moving
direction. The result is that all negatively charged particles are focused, and all
positively charged particles are de-focused. The Debuncher is a storage ring. It

accepts 8 GeV antiprotons and rotates the antiproton bunches until they have
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small momentum uncertainty and become denser beam. The antiprotons are
transferred into the Accumulator before the next cycle of antiproton production
from the Main Injector, which occurs at 2.4 second intervals.

The final phase in the life cycle of protons and antiprotons is injection into
the Tevatron. The Tevatron is a circular synchrotron made from superconducting
magnets [19], having a circumference of about 6400 m. The protons traveling at
almost the speed of light require 21 ps to complete one revolution. The Tevatron
is filled with 36 bunches of protons and 36 bunches of antiprotons from the Main
Injector, traveling in opposite directions. The Tevatron finally accelerates both
beams to 980 GeV before they are guided to head-on collisions at the center of

the DO and CDF detectors.

3.1.2 Luminosity and Cross Section

In colliding-beam machines, interaction rates are measured in terms of the

instantaneous luminosity, L, which is given by:

_ N,NBlfy

L
ATA 7

(3.1)

in the case of pp collisions. Here N, is the total number of protons per bunch, Nj
is the total number of antiprotons per bunch, B is the number of bunches of each
type, fo is the frequency of bunch revolution (47.7 kHz), and A is the effective

area of the bunches (~ 3 x 107 ¢m?). The interaction rate, R, is related to the
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instantaneous luminosity, L, by:
R=oL, (3.2)

where o is the cross section of the particular interaction, and is a measure of the
probability of its occurrence. Cross sections are often expressed in barns, where
Ibarn = 10~ 2 cm?. The number of events (N) of a specific type expected after
running an experiment for a period of time is found by integrating the luminosity
with respect to time:

N=o / Ldt. (3.3)

The quantity [ Ldt is called integrated luminosity.

3.1.3 The D@ Run II upgrade

The DO detector was first proposed in 1983 and completed in early 1992. It
weighs 5500 tons and measures 13 m (height) x 11 m (width) x 17 m (length).
It was constructed to study high p;y and high mass phenomena in high energy
physics. The total integrated luminosity for Run I was measured to be 130 pb~*.
Based on these data, D@ has published more than 120 papers and obtained many
exciting results, including the discovery of the top quark. A full description of
Run I DO detector can be found in Ref. [20].

The DO Run II project was proposed in 1990, before the detector began its

first run of data taking. The DO Run II project will increase the luminosity to
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2% 1032 em™2s7!, which is 20 times higher than that in the D@ Run I project. The
physics motivations behind it are studies of low cross-section, high-py processes,
such as top and W/Z particles, and search for new phenomena. To gain the high
luminosity, more proton and antiproton bunches are filled in each revolution, The
bunch crossing time is thus shortened from 3.5 ps in Run I to 396 ns. The much
shorter bunch crossing time requires a much faster responses from each subsystem
of the DO detector. Figure 3.3 shows an overview of the D¢ Run II detector.

The major upgrades [18] of the DO Run II project are listed below:

1. A new tracking system, including a silicon tracking detector and a central

fiber tracking detector.

2. The addition of a 2-Tesla magnetic field to measure the momentum of

charged particle tracks.

3. A forward tracking system based on silicon strip detectors, thereby increas-

ing the pseudorapidity to 3 for reconstructed tracks.

4. A new three-level trigger system replaces the old trigger system to handle

the higher data acquisition rate.

The following sections discuss the subsystems of the DO detector, including
the central tracking system, the superconducting solenoid, the calorimeter detec-

tor, the preshower detector, the muon system, the trigger and data acquisition
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Figure 3.3: The r-z view of the D® Run II detector
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systerm.

3.2 The Tracking System

The DO tracking system consists of a Silicon Microstrip Tracker (SMT)
[48] and a central fiber tracking detector (CFT) [25]. We first describe the DO

coordinate system, then give a detailed description of the two tracking detectors.

3.2.1 D@ Coordinate System

DO uses a right-handed coordinate system with the positive z-axis pointing
along the direction of the proton beam, and the positive y-axis vertically upward.
The azimuthal angle (¢) is defined such that ¢ = 0 is aligned along the z-axis,
and ¢ = 7/2 is aligned along the y-axis. The polar angle (6) is defined such that
0 = 0 is aligned along the z-axis. The radial distance is measured perpendicular
to the z-axis.

A reconstructed track is defined by 5 parameters that can be used to extract
all of the kinematic variables. These parameters are the Distance of Closest
Approach (DCA) to the primary vertex, the z position of the DCA, ¢, at the
DCA, tan(\) and ¢/pr, where tan(\) is defined as p, /pr, p. is the momentum in z
direction (longitudinal momentum) p, = pcos, py is the momentum transverse

to the beam axis py = psinf, q is the charge.
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Instead of the polar angle 6, one generally uses the rapidity y of a particle

defined as

1 E+p,

=1
y=5 Og(E_pz

) (3.4)

where F is the energy. The advantage of using the rapidity is that a Lorentz boost
in the 2 direction to a frame with velocity 3 just adds a constant (tanh ' 3) to the
rapidity, making rapidity differences invariant. Hence the shape of the rapidity
distribution dN/dy is invariant. If the energy of a particle is much larger than

its mass, the pseudorapidity 1 becomes a very good approximation to y

n= —log(tcmg) (3.5)

3.2.2  The Silicon Microstrip Tracker (SMT)

The SMT detector is the first detector that most of the collision-produced
particles encounter. The detector can reconstruct charged particle tracks in both
central (|n| < 1.7) and forward (1.7 < |n| < 3.) region. The reconstruction
of the forward tracks provides a more detailed picture of the decay products
in an event and therefore improves the potential abilities in many analysis. For
example, based on our Monte Carlo studies of the opposite side jet charge tagging
algorithm, the inclusion of forward tracks increases the tagging dilution by at least

30% for the neutral B sample. (The tagging dilution is given by 2% P — 1, where
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Beam line

Figure 3.4: DO Run II Silicon Microstrip Tracker detector.

P is the probability of tagging an event correctly. The tagging dilution will be

discussed in detail in the next charpter. )

The SMT detector is shown in Fig. 3.4. It consists of six 12 cm long barrels
with interspersed disks for forward track reconstruction. Each barrel (see Fig.
3.5) consists of 4 radial layers of detector ladder assemblies. Barrel layers one
and three consist of double-sided silicon microscrip detectors (except that the two
outer barrels are constructed by single sided silicon detectors) with axial strips
on the p-side and 90° stereo strips on the n-side, where p- and n-side refer to
positively and negatively doped strips of silicon respectively. Layers two and four

are all constructed by double sided silicon detectors with a 2° stereo angle. The
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Figure 3.5: A picture of DO SMT barrel.

disks consists of twelve “F-disks” and four “H-disks”. Each disk has 12 wedge
shaped double sided silicon detectors with a 30° stereo angle.

In the central region, the SMT tracks are matched to the CFT tracks (dis-
cussed in next section) to make global tracks. The global track reconstruction
will be discussed in detail in the next chapter.

Located in the innermost layer, the SMT is affected by radiation damage the
most. Radiation damage causes increase in leakage current and demands appli-
cation of higher bias voltage. A radiation monitoring system has been designed,
built and installed to monitor the radiation environment inside SMT. The SMT

technology has been shown to be sufficiently radiation hard [23].
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F H L1 L2 L3 L4 TOTAL

# detector sides 2 1 1 2 1 2

# assemblies (both sides) 12 1 7 T 7 7 44
R (min) (cm) 257 9.5 2.77 4.61 6.83 9.16

R (max) (cm) 9.96 26 3.58 5.49 7.52 9.99

|z| (min) or <dz > (cm) 6.4 110 <12> <12> <12> <12>

|z| (max) (cm) 54.8 120 42 42 42 42

# ladders/assembly 12 24 12 12 24 24

Detector length (cm) 75 14.86 6 6 6 6

Min. detector width (cm) | 1.673 242 2115 3.395 2.115  3.395
Max. detector width (cm) | 5.692 6.40 212 340 212  3.40

'| Detector area (cm?”) 27.62 65.53 12.72 204 12.72 204
Strip pitch (pm) 50 50 50 50 50 50
# 1C’s/side 8 10 3 5 3 5
# detectors/readout unit 1 2 2 2 2 2
# detectors/assembly 12 48 24 24 48 48
# detectors (total) 144 192 168 168 366 366 1344
Silicon mass (g) 278 M0 149 240 299 479 1885
Sides xarea (cm?) 7954 7528 2137 6854 4274 13709 41222
# sets I1C’s/assembly 24 24 12 24 24 48
# sets IC’s 288 96 84 168 168 336
# IC's 2304 960 252 840 504 1680 6540
# kchannels 2049 122.9 32 108 65 215 837

Table 3.1: The numbers of detectors and geometric parameters of the SMT de-
tector.

The number of individual silicon detectors and geometric parameters are

summarized in table 3.1.

3.2.3 The Central Fiber Tracking Detector (CFT)

The Central Fiber Detector is shown in Fig. 3.7. It has a total of 76,800
scintillating fibers. Sixteen fiber doublet layers (See Fig. 3.6) are mounted on

eight concentric cylinders with radii from 20.0 ¢cm to 51.6 cm. There are 8 axial
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Figure 3.6: The cross section of a segment of a single CFT layer.

layers and 8 stereo layer. The axial layers (labeled as x) provide the ¢ information
of a track, and the stereo layers (u/v, one layer tilts 2° from the z axis clockwise,
the other tilts 2° counter clockwise) provides the n information. The order of
the layers is zu — zv — 2u — 2v — 2u — 2v — zu — zv. Table 3.2 summarizes the

parameters of each layer of the detector.

The CFT detector surrounds the SMT detector and covers the central pseu-
dorapidity region up to 1.7. It serves two man functions: 1) combined with SMT
barrel detector, helps reconstruct the global tracks. 2) Provides fast trigger with

the level 1 (L1) track, i.e. LICTT [26].

The detector is divided into 80 sectors in ¢ for the preparation of the level
1(L1) trigger tracks. The first sector starts from ¢ = 0 to ¢ = 4.5°. Each
sector has 896 fibers. Each fiber is 835 microns in diameter. This gives the
tracker sufficient granularity to trigger and reconstruct tracks in the complex
event environments in Run II. The doublet layer position resolution is on the

order of 100 pm, corresponding to a ¢ resolution of 2 x 10~* radian.
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Layer Radius cm | # of Fibers | # of Fibers | # of Fiber | Fiber pitich | Active
per sector | per layer | Ribbons | in microns | length (m)
A 19.99 16 1280 10.0 979.3 1.66
AU 20.15 16 1280 10.0 987.2 1.66
B 24.90 20 1600 12.5 975.8 1.66
BV 25.60 20 1600 12.5 982.1 1.66
E 29.80 24 1920 15.0 973.4 Z:53
Ccu 29.97 24 1920 15.0 978.6 2.52
D 34.71 28 2240 17.5 971.7 2:53
DV 34.87 28 2240 17.5 976.2 2.52
E 39.62 32 2560 20.0 970.4 252
EU 39.78 32 2560 20.0 974.4 2.52
F 44.53 36 2880 22.5 969.5 2.52
FV 44.69 36 2880 275 972.9 252
G 49.43 40 3200 25.0 968.7 2.52
GuU 49.59 40 3200 25.0 971.8 252
H 51.43 44 3520 27.5 916.1 2.52
HV 51.59 44 3520 275 919.0 Z:53

Table 3.2: Parameters of the Central Fiber Tracker. There are 16 layers of fibers
altogether. Layers 1 through 8 are labeled as A through H. U and V correspond
to the stereo layers, while the others are the axial layers.
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Figure 3.7: The side view of the central tracking system.
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Each scintillating fiber is mirrored on one end and connected at the other
end, through an optical connector, to a clear fiber wave guide that pipes the
scintillation light to a Visible Light Photon Counter (VLPC) [27]. The VLPC
consists of small silicon chips that convert the photons to electrical signal with a
gain at about 20,000 to 60,000. The high gain enables the VLPC to measure a
single photon. To keep low level of noises, the VLPC chips operate at 9 degrees

Kelvin.

3.3 The Superconducting Solenoid

The momenta of charged particles are determined from their curvatures in
the 2-Tesla magnetic field provided by a 2.7 m long solenoid magnet. The super-
conducting solenoid (SC) has two layers of coils with mean radius of 60 cm. It
stores magnetic energy of 5 MJ (for reference the CDF coil is 30 MJ). Inside the
tracking volume, the solenoid is uniform to within 0.5%. This is the first thin

solenoid for use in a particle physics detector that operates at 27T.

An electrical energization, control and protection system controls the run of
the solenoid. The system allows switching the polarity of the magnetic field to

minimize potential asymmetry in the detector configurations.
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3.4 The Calorimeter Detector

The calorimeter measures the energy of particles that enter it. The calorime-
ter is mostly used in the jet ( a cluster of particles) related analysis by measuring
the jet energy. It is not used in this analysis. We elaborate on it just for a
complete description of the D@ detectors. In this section, we first describe the
energy measurement in calorimeter, then describe the D@ calorimeter and its

energy resolution.

3.4.1 Energy Measurement

As a particle passes through the calorimeter, it produces electromagnetic
(EM) and/or hadronic showers in the absorber plate. The EM showers are pri-
marily produced by the emission of photons due to the deceleration of highly
energetic electrons passing the Coulomb field around the nucleus of the absorber
plate (Bremsstrahlung process), or the creation of e*e™ pairs from photons (pair
production process)[34]. The energy loss of an EM particle passing through a
specified amount of material is determined by the material’s radiation length
(Xo),

E(x) = EyeX/%o (3.6)

Generally, material with higher atomic numbers has smaller radiation length, for

example Uranium’s radiation length is 3.2 mm.
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The hadronic shower is dominated by a succession of inelastic hadronic
interactions[35]. At high energy, these are characterized by multi-particle pro-
duction and particle emission originating from nuclear decay of excited nuclei.
Due to the relatively frequent generation of 7”’s (most of them decay to two
photons), there is also an electromagnetic component presents in hadronic show-
ers. The hadron’s mean free path between interactions in the medium is called
the nuclear interaction length )\y;. Uranium’s interaction length is about 10
cm. Consequently, hadronic showers are generally larger, both longitudinally and

transversely, than the electromagnetic showers.

3.4.2 The DO Calorimeter Detector

DO has a liquid argon sampling calorimeter[30][31][32][33]. It consists of a
stack of interleaved absorber plates and signal boards (called modules), each pair
of the absorber plate and the signal board forms a unit cell, see Fig. 3.8. Each
cell consists of a liquid argon cap between an absorber plate and a G10 board.
The G10 board has a high-resistivity coating to which a potential is applied with
respect to the absorber plate to create the drift field. When a particle enters
the calorimeter, it showers inside the absorber plate and the particles from the
shower ionize the argon atoms. In the electric field the ionized electrons drift

toward the G10 coating, producing a current. The current induces charges on
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Figure 3.8: Schematic view of a calorimeter cell.

a copper pad etched on the G10 board under the resistive coat. The readout
currents are preamplified and produce voltages. Several unit cells are stacked on
top of each other to create a layer in the calorimeter. All the cells in the layer

are readout together.

Reading out all calorimeter electronic channels (about 60,000 channels) will
cause long readout time and big size events. To keep the readout time and event
size at reasonable level, the calorimeter electronics are generally read out in the
zero suppression mode, which ignores those channels with zero energy deposit.
This does not cause any loss of information. However, due to the radiation

background (from the depleted uranium absorber in the calorimeter detector),

46



END CALORIMETER
Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER

Electromagnetic

Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic

Electromagnetic
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non-zero energy is measured in channels even when there is no beam colliding.
Therefore a zero suppression cut is applied to all channel readout. The cut is

determined by the width of the pedestal for each channel which is measured in

special detector runs.

The calorimeter detector consists of three units (see Fig. 3.9), the Central

Calorimeter (CC) covering the region of |n| < 1.2, the two End-cap Calorimeters

(EC) providing complete pseudorapidity coverage up to 4, and the Intercryostat

Detector (ICD) covering the overlapping region between CC and EC.

The central calorimeter (CC) consists of three cylindrical concentric shells

parallel to the beam line from 75 ¢m to 222 ¢m in radial direction. The three

47



O~ RIS SD = b O

Figure 3.10: The side view of a quarter of the calorimeter detector.

sections are the electromagnetic (EM), the fine hadronic (FH) and the coarse
hadronic (CH) ring. The EM modules are arranged in four radial readout layers,
corresponding to 2.0, 2.0, 6.8, 9.8 radiation length (X). The FH modules are
arranged in three radial readout layers, corresponding to 1.3, 1.0, 0.9 nuclear
interaction length (A\g). The CH modules are arranged in one radial readout

layer, corresponding to 3.2 A\g. Table 3.3 lists the major design specifications.

The readout layers of the CC are arranged into pseudoprojective towers of
size 0.1 x 0.1 in An x A¢ (see Fig. 3.10). Each tower consists set of cells having
the same pseudorapidity. To optimize the ability to distinguish between EM and
hadronic showers, the third layer of the EM section, which corresponds to the

EM shower maximum, is segmented more finely into 0.05 x 0.05 in An x Ag.
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Table 3.3: The central calorimeter Parameters.
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Module type EM IFH ICH MFH MCH OH
Rapidity range 1.3-3.7 1.6-4.5 2.0-45 1.0-1.7 1.3-1.9 0.7-1.4
No. of modules 1 1 1 16 16 16
Absorber # DU DU-Nb SS DU-Nb S5 SS
Thickness (mm) 4 i i i 46.5 46.5
LAr gap (mm) 2.3 2.1 2.1 2.2 2.2 2.2
Signal boards 18 G4 12 60 14 24
R.O. layers 4 4 1 4 1 3
Cells/r.o. layer 2,2,6,8 16 14 15 12 8
Total rad. len. 20.0 121.8 32.8 115.5 37.0 G56.1
Total abs. len. 0.95 4.9 3.6 4.0 4.1 7.0
Samp. frac. (%) 11.9 8.7 1.5 6.7 1.6 1.6
Tot. r.o. cells T488 4288 928 1472 384 + 64 + B9G

2Depleted uranium (DU), depleted uranium with 1.7% niebium (DU-Nb), or
gtainless steel (55).

BMCH and QH cells are summed together at || = 1.4

Table 3.4: The End-cap calorimeter Parameters.

The two End-cap calorimeters (EC) are located on both sides of the central
calorimeter. They are similar to the CC, but with somewhat different layers,
segmentations and materials. The End-cap calorimeter are divided into four
sections: the forward electromagnetic (EM), the inner hadronic (IH), the middle
hadronic (MH), and the outer hadronic ring (OH). Table 3.4 lists the major design

specifications for the EC.

In the crossover region between the central calorimeter and the End-cap

calorimeter, there are several rapidity regions where the structure and support



mechanical system are placed (e.g cryostat walls), creating a gap between CC
and EC in the z direction. In the gap, there is substantial amount of absorption
material, but no energy sampling module. To partially compensate for the energy
loss in these support material two different types of detectors were adopted: the
Inter-cryosts Detector (ICD), consisting of two arrays of 384 scintillation counter
tiles, is mounted on the front surface of each EC cryostat to sample the energy. An
additional layer of LAr sampling was positioned inside the CC and EC cryostat
walls. These Massless Gaps (MG) have no significant absorber material but do

sample the shower as it develops between the CC and the EC.

3.4.3 Energy Resolution

Only the energy deposited by particles in the liquid argon from the ionization
process is detected. It is a small fraction of a particle’s energy. The full energy
can be obtained by using a number of calibration processes. The calorimeter’s
response to single electron and pion has been tested by using test beams before
Run I experiment. For the energies between 10 to 150 GeV, the calorimeter’s

response is found to be linear to within 0.5%. The energy resolution was measured

to be
For electron : 22 = {/0.3%2 + 15%’ (3.7)
2
ion - 2F o, 45%
For pion : 7 = \/4.0% + z (3.8)
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In Run II experiments, because of the newly added detectors between the
beam pipe and the calorimeter detector, the resolutions are expected to become
worse. But a fully functioning preshower detector is expected to compensate and
even make the resolution better. To re-calibrate, Z — ee and J/1 — ee processes

have been used, with the work still in progress.

3.5 The Preshower Detectors

The primary purpose of the preshower detectors is to provide discrimination
between electrons/photons and those of the dominant backgrounds (principally
hadronic jets) by exploiting the differences between their energy loss mechanisms
in showers. It helps increase, at both L1 and L2 triggers, the rejection rate of
fakes of QCD origin.

The preshower detectors consist of a central preshower detector (CPS) [28]
covering |n| < 1.3 and a forward preshower detector (FPS) [29] covering 1.5 <
In| < 2.5. Figure 3.11 shows an overview of the CPS detector. It consists of a
lead layer and three layers of scintillating strips. The three layers of triangular
shaped strips (see Fig. 3.12) have one axial and two stereo layers. The stereo
layers have a 20° stereo angle. The CPS detector is placed immediately outside

the solenoid and inside the calorimeter at a radius of about 72 cm.

The solenoid and the lead layer serve as the pre-radiator. As a particle passes
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Figure 3.11: The CPS detector.

Figure 3.12: The triangularly shaped CPS strips
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through the pre-radiator, it produces electromagnetic and/or hadronic showers.
It should be noted that the solenoid is not an ideal pre-radiator due to its alu-
minum component, which contributes a nuclear interaction length from .2 to .35
for n from 0 to 1.4. Therefore the lead layer is shaped to become thinner with
increasing 7, keeping a constant 2 radiation lengths in the all covered pseudo-
rapidity region. All charged particles that traverse the CPS detector register a
hit. Electrons/photons shower readily in the pre-radiator and produce maximum-
ionizing tracks in the rear layers. Charged pions and muons tend not to shower
in the pre-radiator, therefore produce minimum-ionizing tracks in the rear layers.

The FPS detector consists of two pieces, mounted on the End-cap Calorim-
eters. Each piece has four scintillator layers, inner U and V layers and outer
U and V layers, see Fig. 3.13. There is a lead absorber plate of two radia-
tion lengths between the inner and outer layers. The inner layers usually detect
minimum-ionizing particles, or MIPs, while the outer layers detect the EM show-
ers produced by electrons/photons after traversing the absorber plate. Because
of this, the layers are often referred to as the MIP and shower layers. Electrons
produce hits at both of the MIP and shower layers. Charged pions also produce
two hits, but the signal at the shower layer is much smaller. Photons, whether
directly produced or resulting from 7° decays, will be identified by the presence

of a hit in the shower layer, and the absence of a spatially-matched hit in the

MIP layer.
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Figure 3.13: One quarter r-z view of the FPS detector.
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As the calorimeter, the preshower detector is not used in this analysis neither.

3.6 The Muon System

Most, of the particles from pp collisions are absorbed by the thick absorbers
(formed mainly by the solenoid and calorimeter). In order to penetrate the ab-
sorbers, a particle must satisfy the following three requirements: 1) have lifetime
sufficient to travel several meters before decaying, 2) not interact strongly with
materials, 3) not readily produce bremsstrahlung radiation. The only charged
particle known to meet the requirements is the muon. Therefore, The muon sys-
tem is located at the outer-most layer of the DO detector. Any charged particle
that penetrates the absorbers and reach the muon system is assumed to be a

muon.

The muon system is critical in obtaining the data sample used in this anal-
ysis. All B physics studies rely on the muon triggers (di-muon/single muon
trigger). The data samples used in this analysis are mostly from the following
two di-muon triggers: 2MU_A_L2ETAPHI and 2MU_C_2L2_2TRK. The triggers

will be discussed in detail in next section.

The muon system has three subsystems: the central muon detector (made
of Proportional Drift Tubes - PDTs [37] ) , the forward muon detector (made

of Mini-Drift Tubes - MDTs) and trigger scintillation counters, see Fig. 3.14.
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The muon system covers a pseudorapidity region of |n| < 2.0. The central muon
detector were used in Run I, providing pseudorapidity coverage of |n| < 1.0.
The forward muon detector extends muon detection to |n| = 2.0 in DO Run II.
Scintillation counters are used for triggering and rejection of cosmic muons and
accelerator background. Shielding around the beam pipe from the edge of the
End-cap calorimeter to the accelerator tunnel are added to further reduce the

background.

Each muon detector has three layers (A, B and C layers). The A layer is
between the calorimeter and the 2 Tesla muon toroid magnet. The toroid magnet
provides the magnetic field for the local muon momentum measurement. The B
and C layers are outside the toroid. The central muon detector and forward muon

detector are discussed in detail next.

3.6.1 The Central Muon Detector

The A layer chambers on the top and sides have 4 decks of PDT tubes
to help reject backgrounds. On the bottom it only has three decks due to space
constraints. The B and C layers have three decks each. The central muon detector
consists of 94 PDTs of the Wide-Angle-MUon-System (WAMUS) [38][39]. Each

PDT chamber is a rectangular aluminum tube with 5.7 cm x 10 cm cells.
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The drift chambers produce the measurements for muon hits. The hit res-
olution from the sense wire is approximately 10 to 50 c¢m, depending on the hit

location. The local momentum resolution has been studied in [40]. For muons

with pt > 4 GeV/c, the resolution is given by =2 = \/(W)2 + (0.02p)2. This
is significantly larger than the resolution of the global tracks. For example, for
pr = 4 GeV/c, the local muon resolution is 11%, the global track resolution is
1.6%. Therefore, each local muon track is to be matched with the global tracks.
The kinematic variables of a muon track are drawn from a matched global track.

At trigger level, each muon object is assigned a quality from the following

categories:

1. Tight: > 2 wire hits in the A layer, > 4 wire hits in the B and C layer, > 1

scintillator hit in A and > 1 scintillator hit in B or C layer, y* > 0.

2. Medium: > 3 wire hits in the A layer, > 2 wire hits in the B or C layer.

> 1 scintillator hit in B or C layer. x? > 0

3. Loose: > 3 wire hits in the A layer, or > 2 wire hits and > 1 scintillator

hit in A layer.

Muons traveling at 90 ° with p; > 1.5 GeV/c can fire the A layer wires, but can
not reach the B layer due to the absorption in the toroid. To pass through the

toroid, it needs p; > 3 GeV/c.
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3.6.2 The Forward Muon Detector

As in the central region, the A layer of the forward muon detector has four
decks of MDT drift tubes and the B and C layers have three decks each. The

coordinate resolution is 0.7 mm/deck. The local momentum resolution of the

forward detector is 2 = \/(W)2 + (0.0085p)? [40]. For pr is 4 GeV/c, the
local muon resolution is about 11%. In the forward region of the muon system,
the solenoid and calorimeter might not be in the path of a muon. The muon can
reach the A layer with pr lower than 1.5 GeV/c.

The scintillation counters are substantially less sensitive to backgrounds than
gas detectors. This advantage cuts the gate width from 100 ns to 20 ns, reducing
the number of background hits per plane by ten times, while keeping the muon

detection efficiency at 100%.

3.7 The Trigger and Data Acquisition System

The proton-antiproton beams make about 1.7 million collisions per second
at the center of the DO detector. The information collected for each collision is
called an event. Not every event can be saved due to the limited band width of
writing events to tape. Moreover, not every event needs to be saved to tape. For
some of the crossings, the proton and antiproton beams just pass through each

other without generating interesting events. In the other crossings, the following
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interactions may happen: elastic scattering, single diffraction, double diffraction,

and hard scattering. The events with hard scattering are of the most interest.

For DO Runll, the rate of writing events to tape is 50 Hz, much smaller than
the event rate from collisions. The job of selecting 50 events out of 1.7 millions
events per second is done by the DO trigger system [42]. D@ trigger system
provides a number of triggers which select different types of events that are of

the most interest to different physics analyses.

The DO trigger system include three levels of triggering. The level 1 trigger
(LL1) is designed to have an output rate of 10 kHz, the level 2 trigger (I.2) has an
output rate of 2 kHz, and the level 3 trigger (L.3) has an output rate of 50 Hz.

We discuss each trigger in detail below.

3.7.1 The Level 1 Trigger

The current L1 trigger system is a hardware trigger system filtering the 1.7
MHz beam crossing rate with minimal dead time (less than 5% in normal desired
running conditions). The L1 trigger system consists of the L1 Trigger Framework

(L1FW, see Fig. 3.15 ) and the L1 trigger subsystems.

Each L1 trigger subsystem, for every beam crossing, processes detector-
specific information from the detector front-end electronics (DFE) and passes

the results to LIFW by the And-Or Input Terms. Each And-Or term is a binary
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signal. There are a total of 256 And-Or terms available. The And-Or terms can
also be used to bring information from other sources into L1FW, such as the
general beam condition indicators and the cosmic background veto signals. One
hundred twenty eight Specific Triggers are formed by evaluating 128 sets of the
And-Or term combinations. The global L1 trigger decision is the logical .OR. of
the 128 Specific Trigger decisions. For example, the trigger 2MU_A_L2ETAPHI
used for collecting events in this analysis uses four And-Or Input Terms to form
the L1 trigger. This L1 trigger requires a di-muon trigger based on muon scintil-
lator only and calorimeter suppressed readout.

Each component of the Acquisition system that is connected to the Trigger
Framework is called a Geographic Section. It captures and processes data in
response to L1 Accepts and then conveys the data to the L2 and/or L3 trigger
system. For example, 1.2 central muon crate (L2MUC) captures the data from L1
muon system and processes them to generate L2 central muon decision. L1IFW
is one of the Geographic Sections too. Each Geographic Section is connected to
the Trigger Framework via a Serial Command Link (SCL). The L1IFW supports
a total of 128 Geographic Sections.

The L1FW is built out of 9U 400mm cards in customized VME crates and
make extensive use of FPGA technology. All cards use the same general circuit
board and the same front and rear panel layout and connectors. The FPGA

programming on this common plate-form produces the different functions needed
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throughout the system.The L1FW is programmed and controlled by the Trigger
Control Computer (TCC). TCC receives high level programming requests from
the global coordinating program (COOR) for the online operation, and performs
the low level register programming operations required to implement COOR’s

requests.

3.7.2 The Level 2 Trigger

The L2 Trigger framework [45] (L2FW) consists of a hardware framework
and six preprocessors (also referred as L2 crates. see Fig. 3.16): L2MUC (L2
muon central), L2MUF (L2 muon forward), L2CAL (L2 calorimeter), L2CTT
(L2 Central Tracking Trigger), L2PS (L2 Preshower), L2STT (L2 Silicon Track-
ing Trigger) and L2G (L2 Global). Each preprocessor except L2G captures the
data from the corresponding L1 output, and runs more sophisticated algorithms.
The di-muon trigger 2MU_A_L2ETAPHI at L2 requires an event with at least
2 local muon tracks (at least one meeting the medium requirements) with (7,0)
separations of at least (3,6) respectively. This triggering is done in L2MUC and
L2MUF crates. The preprocessors transmit their results to L2G crate that pro-
cesses the combined results and make a decision whether the information warrants

an accept at L2.
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L2 system operates on computers called “3 boards”, which accept dual Pen-
tium CPUs (up to 1 GHz) with a memory bandwidth limit of about 1 GB/s (64b
x 133 MHz). The time required for each preprocessor to form the associated ob-
jects is about 50 us. For L2G, the time limit is 75 ps. The bandwidth, memory,
and CPU have been shown to be sufficient for L2 operations.

Among other L2 monitoring tools, a L2 Bit-Bit comparator framework has
been developed. It makes sure that L2 hardware is running properly and L2 online
software is consistent with the offline reconstruction software. The comparator
is designed to run online so that L2 problems can be found and fixed quickly,

saving precious beam time.

3.7.3 The Level 3 Trigger

The L3 trigger system [46] is based on a computer “farm” including over
100 dual 1 GHz Pentium III PCs with 100 mbps Ethernet ports. Such a sys-
tem presents the advantage of being very flexible in the light of possible future
upgrade. Fig. 3.17 shows the architecture of the L3 trigger framework.

A L2 accept triggers full readout of the event to a node of the L3 computer

farm. The L3 node performs the following two functions on each event.

1. Event Building: all data received from the detector front-end readout crates

and L1, L2 crates are packed into a raw data chunk.
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Figure 3.17: L3 architecture.
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2. Event Filtering: Guided by L1/L2 trigger information, partially reconstruct
the event to determine whether it meets the criteria for acceptance. The

event is partially reconstructed to save processing time.

The event building is a very simple process of concatenation of data blocks,
and is not expected to consume more than 5 to 10% CPU time on these nodes.
Events with over 1000 tracks have been found at high luminosity due to high
min-bias events (multiple collision in one beam crossing). Such events can cause
a node to use hours of CPU time to process. When more processing power is
needed, additional L3 nodes can be added. The natural number of nodes to add
is 16, corresponding to one rack.

Each L2 bit that fires causes one or more L3 filter script to be run. If any
filter script returns .TRUE. an L3 accept is made. Each filter script consists of
the logical .AND. of several filters. Each filter requires the presence of one or
more physics objects satisfying given criteria, e.g. two electrons with £p > 20
GeV/c.

Most triggers have a specific Mark and Pass (M&P) rate at L3, where marked
events are analyzed as usual, but recorded whether or not they trigger an L3
accept. The events of M&P are used to examine the L3 performance. If the rate
is 100 for a given trigger, then one out of each 100 events accepted by that trigger

at L2 will be Marked and recorded.
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Chapter 4

Offline reconstruction

Once an event passes one or more triggers, it is written to tape for various
physics analyses at offline stage. D@ has a farm of 250 Linux computers that
run the offline reconstruction framework package (dOreco). The reconstruction
includes vertex reconstruction, global track reconstruction, muon reconstruction,
electron reconstruction, jet and missing Fr reconstruction, etc. The vertex re-
construction, global track reconstruction, and muon reconstruction are relevant

to this analysis and thus discussed in detail next.

4.1 Vertex Reconstruction

It is crucial to reconstruct the primary vertex in every physics analysis. In
this analysis, the correctly reconstructed primary vertex means that we can prop-

erly exclude the min-bias tracks and use only the tracks from the primary vertex
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in the jet charge calculation. In most analysis, having the secondary vertex recon-
structed is of significant importance too. In this analysis, the fully reconstructed
secondary vertex of the signal side B is required for the time dependent sin(27)

measurement.

The Impact Parameter Algorithm is used to reconstruct the primary vertex.
The algorithm starts with an estimated primary vertex position from the fitting
of all charged tracks into a single vertex. The candidate tracks must have impact
parameter significance (impact parameter divided by its error) less than 3 . With

the primary vertex seed, the following steps are run:

1. Fit the vertex and compute x?(Ng).

2. Compute the contribution to x?(N) from each candidate track.

3. Find the track with maximum contribution (Ax?2) to x*(Ngyx)-

4. Exclude the track from the candidate track list if Ax? > AXZ oohold-

5. Repeat step 1 to 4 until no more tracks are excluded. Save the fitted vertex

if Ntrk) 2 2 and Xz(Nt'rk) < XQ(Nmax)-

6. Once a primary vertex has been found, the algorithm is applied again to the
remaining tracks and the previous steps are repeated until no more vertices

can be reconstructed.
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Figure 4.1: Minimum Bias probabilities of the hard scattering event and the
minimum bias event

Normally, more than one primary vertex is found, with one being from the hard
scattering collision which is of interest to physics analysis. To select the primary
vertex associated with the hard scattering collision from the reconstructed pri-
mary vertices, the Minimum Bias Probability is computed. The Minimum Bias
Probability is obtained from the pr of the tracks associated to each vertex. The

vertex with the lowest probability is selected as the primary vertex, see Fig. 4.1.

It is a little bit more complicated to find the secondary vertices. The follow-

ing steps show how to reconstruct a secondary vertex:

1. Find track clusters using a simple cone of size 0.5. (Track clustering)
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(a) removing tracks associated to min-bias vertices.
(b) find highest py track as a seed track, requiring pr > 2 GeV/c.

(¢) add closest track if AR < 0.5. Re-compute the momentum p of the

cluster.
(d) repeat step (¢) until no more tracks can be added.
(e) Keep the cluster if total pr = > pr > 5 GeV/c.

(f) repeat step (b) to (e) until no more seed track is available.

2. Select tracks NOT associated to primary vertices (Track Selection).

3. Find vertices ( Vertex Finding).

(a) Force a fit of all tracks in the cluster into a vertex.

(b) Tteratively, reject the track with the highest x* contribution to the

vertex until the total x? per degree of freedom becomes smaller than

2
Xthreshold:

4. Select vertices based on kinematic variables (Preliminary vertex selection).

(a) opening angle smaller than 0.1.

(b) require at least 1 track with pr > 2 GeV/c if track multiplicity is

greater than 3.
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(c) require at least 1 track with pr > 1.5 GeV/c if track multiplicity is

greater than 2.
(d) transverse decay length smaller than 2.5 ¢cm (remove lambda’s, etc).

(e) longitudinal decay length smaller than 3 cm.

5. Resolve multiple track-vertex associations (Final vertex selection).

(a) select and keep the best vertex, i.e. vertex with the smallest % per

degree of freedom.
(b) remove all vertices with at least 1 shared track with the vertex selected

(¢) repeat step (a) and (b) until no more vertex remains.

4.2 Global Track Reconstruction

The DO track-finding algorithm uses the Kalman fitter [47]. The crucial part
of the track fitting task is the interacting propagation, which propagates tracks
in the DO tracker including the error, and takes into account magnetic curvature
and interaction with detector material. Interactions with detector material cause
multiple scattering and energy loss. The D) interacting propagator includes the
most refined knowledge and description of the motion of charged particles in the
D@ tracking detectors that is available in a form that is fast enough to use in the

reconstruction program.
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The Kalman fitter is one way to solve the mathematical problem of deter-
mining, from a set of measurements (i.e. the hits in SMT and CFT detectors), the
optimal track parameters (see the previous chapter) with errors on any surface.
The Kalman fitter can be thought of as an improved procedure of multidimen-

sional y? minimization. The basic Kalman fit algorithm is outlined below

1. make an initial guess of a partially reconstructed track

2. extend the track by the inclusion of additional measurement (i.e. additional

hit at additional detector layer)

3. the track parameters and error matrix are propagated (using the interacting
propagator) to the surface of the next measurement, creating a prediction

on that surface.

4. the prediction and the new measurement are used to produce an improved

estimate of the track parameters and errors on the measurement surface.

5. repeat step 1 to 4 until all measurements have been added to the track.

In the central region (|n| < 1.7), the global track uses the measurements from
both SMT and CF'T detectors. It has better pr and impact parameter resolution
than using either SMT or CFT hits. In the forward region (|n| > 1.7), the only

available measurements are the SMT hits.
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Figure 4.2: The p; resolutions of the global tracks as a function of pseudorapidity
assuming 35 pum vertex resolution.

The py resolution of a global track is approximately

Spr/pr = /0.015%2 4 (0.0014 x Pt)? and decreases as the track’s pseudorapidity
increases. The pp resolution is summarized in Fig. 4.2. The resolution of the
2-dimensional DCA of a global track is shown in Fig. 4.3. The reconstruction
efficiency of the global tracks is shown in Fig. 4.4. More information of global

tracks can be found in website of the reconstruction group at DO [22].

4.3 Muon Reconstruction

Muon objects are first reconstructed in the muon system. The track seg-

ments in each muon detector layer are formed by fitting associated muon hits
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Figure 4.3: Resolution of 2-dimensional DCA for the global tracks at n=0 as a
function of transverse momentum.
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into a straight line. The track segments are then matched and the local muon
momentum is computed from the measurement of the bend of a track passing
through the muon toroid magnet. As we have discussed in the last chapter, local
muon momentum resolution is much poorer than that of global tracks. Therefore

the kinematic variables of a muon track are drawn from a matched global track.
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Chapter 5

Opposite Side Jet Charge Tagging

5.1 Introduction

The identification of the production flavor of reconstructed neutral B-hadrons
is required for both B mixing and CP asymmetry studies. The B-hadrons are ei-
ther fully or partially reconstructed in specific decay channels, e.g. B — J/{Kj,
and are referred to as the signal B-hadrons in the context of the jet charge tagging
analysis.

Flavor tagging refers to determining if the signal B is a B (containing a b
quark), or a B (containing a b quark). There are three tagging algorithms at
DO : Opposite Side Soft Lepton Tagging (SLT) [49], Opposite Side Jet Charge
Tagging (JETQ), and Same Side Tagging (SST) [50]. The SST algorithm utilizes
the correlations between the signal side b-quark flavor and the charges of the

associated particles from its hadronization process. For example, as shown in
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Figure 5.1: The charge correlation used in the SST tagging algorithm.

Fig. 5.1, the signal B is a BT, the “first” associated particles produced in the
hadronization process is 7—, or K, etc, and this particle generally has a higher
pr than other particles of the fragmentation remnants.

Opposite side tagging refers to tagging the flavor of the signal B by determin-
ing the flavor of the “opposite” side B. Since the strong interaction production
of b quarks occurs in bb pairs, the signal side b-flavor is revealed once the opposite
side b-flavor is tagged. The SLT algorithm uses those events where the opposite
side B decays semileptonically, utilizing the correlations between the charge of
the lepton (e or p) in the transition decay of b — ¢ and the b-flavor. For a b-
quark, the lepton has a negative charge; for a b-quark, the lepton has a positive
charge.

The JETQ algorithm utilizes the correlations between the charge of the
opposite side b-quark and the average charge of its daughter particles (jet charge).
For a b-quark, the associated jet charge is more likely to be negative: for a b-quark,

the associated jet charge is more likely to be positive.
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To test the performance of the tagging algorithm in real data, we use data
samples consisting of B — J/¥wK=* decays. In such samples the flavor of the
signal B is already revealed by the sign of the kaon’s charge. The B; mixing
measurement using the JETQ algorithm provides another way to test the tagging

performance.

5.2 The Tagging Efficiency, Dilution, and Tag-
ging Power

The tagging efficiency (€) and dilution (D) are used to evaluate the perfor-

mance of the tagging algorithm. They are defined as follows

Ny
_r 1
‘TN (5-1)
 Np— Ny

The variables in the above equations are

o N: The total number of input events to be tagged.

O

N7p: The total number of tagged events

(@)

Ny: The total number of un-tagged events

@)

Npg: The total number of correctly tagged events
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o Ny : The total number of incorrectly tagged events

where N = Np + Ny, Ny = Ni + Ny
The tagging efficiency is simply the probability that the tagging algorithm
gives a tag. The tagging dilution is related to the probability that the tagging

algorithm tags an event correctly/incorrectly as shown below

1
Prtag — 5(1 + D) (53)

Patag = %(1 ~ D) (5.4)

where P,1q4(Pyutag) is the probability that the tag is correct (incorrect). The reason
that one uses the dilution instead of F.;, becomes clear when one examines the
statistical power.

Consider an asymmetry measurement of a sample with N events, if the

number of the reconstructed B (B) events is Ng (Np), the asymmetry, referred

to as the raw asymmetry, of this sample between B and B is defined as

_NB—NB
_NB—I—NB

(5.5)
Assuming the same tagging efficiency and dilution for both types of events, the
number of events tagged as B (B) is the sum of the number of B (B) events
tagged correctly and the number of B (B) events tagged incorrectly as given
below

I1+D 1-D

Np9 = Nge 5 T Nee—,

(5.6)

81



1+D 1-D

Np9 = Npe + Npe—, (5.7)
The asymmetry in the tagged sample will be
Nt_ag . Ntag

Apgg = =2 5 _DxA (5.8)

ta ta,
Ng? + Ng¥
Compare with the raw asymmetry, the tagged asymmetry is diluted by the quan-

tity of dilution. The statistical uncertainty of A is

1—D2A
4=\ "N (5.9)

The uncertainty scales like 1/veD?N, rather than the more familiar 1/v/N. This
means that the statistical power of the tagging algorithm is quantified by eD?,
referred as the tagging power. To minimize the statistical error, one should

maximized the quantity eD?.

5.3 The Jet Charge

The jet charge flavor tagging algorithm was first developed in ete™ collider
experiments [51][52]. In the eTe™ collider environment, the jet charge is defined

as the momentum weighted average charge of tracks associated to a jet

+ -
Qjet =

B A (5-10)

where ¢ is the charge, P is the total momentum vector, and a is the unit vec-

tor along the jet direction. However, this formula does not work for the JETQ
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tagging at hadron-hadron colliders. This is because the hadron collider environ-
ment is much more complex than the ete™ collider environment. First, in the B
samples from hadron-hadron colliders, the opposite side B may have only part
of its daughter particles reconstructed due to the detector acceptance limitation
(such events can be easily identified by monitoring the jet structure in ete™ ex-
periments). This makes the direction of a reconstructed B jet not necessarily
the direction of the associated B. Secondly, the composite nature of the two in-
coming beam particles implies the additional possibility that several parton pairs
undergo separate hard or semi-hard scatterings, referred to as the “underlying
events”. The underlying event is everything from the primary vertex except the
two outgoing b “jets”. These underlying events produce a number of gluon and
light quark emissions, introducing a number of parton jets in addition to the two
B jets. If the B has a small energy, it is very difficult to separate the B jet from
a parton jet. Selecting the wrong jet in the jet charge tagging causes Eq. 5.10 to
fail. On the contrary, the bb events produced at eTe™ colliders have a clean two-
or three-jet (caused by the gluon emission from one b quark) structure, making
it much easier to determine the direction of the B.

We define the jet charge in this analysis by Eq. 5.11. It is based on the
fact that the daughter particles from B-hadrons have, on average, the highest
transverse momentum (py) among all particles in the event. We found the tagging

power varies slightly when n is varied around 1. For bigger or smaller n, the
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tagging power decreases. Therefore we have chosen n = 1.

2 Pr() % q(i)
Qjet = S Pr() (5.11)

We have investigated other possible correlations that may be utilized, but
finding none of them improve the tagging power. For example, we tried utilizing
the Distance Closest Approach (DCA) to the primary vertex as a weight (giving a
larger weight to tracks having DCA above a threshold), the results showed that it
did not help the tagging due to the poor DCA resolutions and the fact that many
B daughters just have very small DCA (B decays exponentially when moving
away from the primary vertex). We have also tried using the cosine of the angle
between a track and the jet direction as a weight (giving bigger weight to small
angle, since the B daughter particles are assumed closer to the B direction). But
it did not help either because the problem in obtaining the correct B direction.
Moreover, this weight may give bigger weight to particles that are not from the
opposite side B, but happen to be closely aligned to the B direction.

Figure 5.2 shows a plot of the calculated jet charges for a MC B~ sample
using Eq. 5.11. We have used all candidate particles in an event to calculate the
jet charge, instead of using the jet cone algorithm [56] [57] or K7 jet algorithms
[54] [55]. The detail of the candidate particles and jet algorithms will be discussed
later in this chapter. A requirement of |@| > 0.2 is imposed on the tagging results.

If |Q] < 0.2, the event is labeled as un-tagged. This requirement is chosen by
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Figure 5.2: Plot of the jet charges tagged by the JETQ algorithm for a B~
sample. The solid line is for the calculated jet charges. The dotted line is a “fip”
of the the solid line, helping to see the separation power of the tagging algorithm.
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Figure 5.3: The tagging power with different QQ cuts.

optimizing both the tagging power and tagging dilution. Figure 5.3 and 5.4 show
the tagging power and dilution change as a function of the cut on @ for a typical

B~ sample. The B MC samples yield similar plots.

5.4 The Classification of Particles

To better understand how the different classes of particles affect the jet
charge calculation, we categorize the particles into the following classes (See Fig.

5.5)

1. “FB daughters”: particles from the signal side B-hadron.

2. “OB daughters”: particles from the opposite side B-hadron.
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Figure 5.4: The tagging dilution with different Q cuts.

. “Fb daughters”: particles from the signal side b-quark, excluding daughters

from the signal B-hadron.

. “Ob daughters”: particles from the opposite side b-quark, excluding daugh-

ters from the opposite side B-hadron.

. “Undl. Particles”: particles from the underlying events.

. “Minbias particles”: particles from the minbias events. In high-luminosity
collisions, it is possible to have several collisions in a given beam crossing.
In a bb event, as one collision gives the bb pair, the other are generally QCD
events. These minbias events build up the total production of particles that

is observed by detectors.
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Figure 5.5: A bb event at Tevatron Collider

88



The “FB daughters” are explicitly excluded in the jet charge tagging. The
“Fb daughters” play a very special role: causing an apparent asymmetry in
the tagging power between charged and neutral B samples. We postpone the
discussion on this until the next section.

The “OB daughters” play the most important role in the jet charge tagging.
If we only use the “OB daughters” to calculate the jet charge, the tagging power,
eD? is 7.7% for both charged and neutral B samples (there is no asymmetry in
the tagging power between the two type samples, since “F'b daughters” are not
included). More specifically, it is the charged kaon (also the lepton) from the
opposite side B that plays the most important role in the JETQ tagging. The
kaon is mainly from the decay chain: b — ¢ — s. The charged kaon has a strong
charge correlation to the flavor of the opposite side B.

The important role played by the kaon becomes clear when one divides the
B~ sample into three sub-samples (separating the opposite side B to be BT,
BY and B? for each sub-sample) and examines the fraction of events having a
charged kaon in each sub-sample and the corresponding tagging power. Table
5.1 shows the fraction of events that on average have one K*/K~/nt/n~ for
each sub-sample. There is an excess of K in the first two sub-samples, with the
BT sub-sample having the largest excess. The excess of KT makes it more likely
to tag the B flavor correctly, noting that a positive jet charge corresponds to a

correct tag in this example. If we only use the “OB daughters” to calculate the
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Opp. side B type

K™ fraction

K~ fraction

nT fraction

7~ fraction

B+

44.0% £+ 0.19%

9.2% £+ 0.11%

85.1% £ 0.14%

67.4% + 0.18%

BY(mizing of f)

33.8% £ 0.18%

13.9% + 0.13%

69.5% £ 0.18%

79.8% £ 0.15%

27.1% £ 0.31%

66.6% =+ 0.33%

66.6% =+ 0.33%

BY(mizxing on) | 27.2% + 0.31%

Table 5.1: The fraction of all events that have one of the specified particles on
average. Each row corresponds to different types of sub-samples

jet charge, the tagging power is as high as 22.0% 4 0.3% for the Bt sub-sample!
For the BY sub-sample (BY mixing is turned off in the MC), the tagging power
is only 3.68% =+ 0.1%, due to the smaller excess of K and the 10% excess of 7.
For the B, sub-sample (BY mixing is on), there is no excess observed for either
kaons or pions because of the fast mixing rate of B?, making the tagging power

vanish.

Although charged kaons are very important in tagging, D@ does not have
the ability to identify kaons. In the JET(Q tagging algorithm, we use all candidate
tracks passing a number of selection requirements (discussed next) to calculate

the jet charge.

The “Ob daughters” make different contributions based on the different sub-
samples mentioned above. For the Bt sub-sample, the inclusion of the “Ob
daughters” makes the tagging power drop to 5.8% % 0.2% because they carry net
charges (—%), opposite to the correct jet charge; for the B® and B? sub-samples,

the tagging power increases to 5.3% £ 0.2% and 1.2% =+ 0.1% respectively, since
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the “Ob daughters” carry net charges (+%) in favor of making correct tags. The
overall effect of the “Ob daughters” on the complete sample makes the tagging

power drop from 7.7% + 0.1% to 4.9% + 0.1%.

The “Undl. Particles” and “Minbias particles” are softer in py than the
“OB daughters”, however their multiplicities are much larger. The underlying
event is an unavoidable background to many collider observables. The “Minbias
particles” can be suppressed by requiring that a particle come from the primary
vertex. However this can not remove all the “Minbias particles”, since some
“Minbias particles” may be from a vertex that is very close to the primary vertex.
The inclusion of the “Undl. Particles” and “Minbias particles” causes the tagging
power to drop significantly. In the above example, the tagging power drops from

4.9% £+ 0.1% to 1.3% £ 0.1%.

5.5 The Requirement of the A¢/AR Separation

We have found that the “Fb daughters” produce a significantly larger tagging
power in the charged B samples than in the neutral B samples. This is explained
by the fact that the “Fb daughters” carry opposite net charges between the two
samples. Taking B~ and B° samples as an example (both Bs fragment from a
b-quark), the “Fb daughters” carry net positive charge (+§) in the B~ sample,

but net negative charge (—%) in the BY sample. Since the positive jet charge
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corresponds to a correct tag in this example, the inclusion of the “Fb daughters”
causes an event being more likely to be tagged correctly for the B~ sample, and

reduces the possibility of making a correct tag for the B® sample.

In order to suppress the effects from the “Fb daughters”, we impose one of

the two following requirements

1. A¢ separation: particles are required to have a minimum separation A¢ in

¢ space relative to the direction of the signal B.

2. AR separation: particles are required to have a minimum separation AR

(= VAR? 4+ Ag?) in n — ¢ space relative to the direction of the signal B.

The tagging algorithm used in CDF during Run I [53], required a AR separation
greater than 0.7 to suppress the effect from the “Fb daughters”. However, we
found this to be too small, causing the tagging power of charged B sample to
be much larger than that of neutral B sample (three times bigger in our MC
samples). Figure 5.6 shows the A¢ and AR distributions of a typical bb sample.

Most of “Fb daughters” survive the AR > 0.7 cut.

Table 5.2 shows a comparison of the tagging power between the two require-
ments for neutral B samples. The A¢ requirement yields a larger tagging power
than the AR requirement. Since the tagging power of neutral B samples are what

we need to maximize, we have chosen the A¢ requirement in our final analysis.
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Figure 5.6: The left plot shows the A¢ distribution of the “Fb daughters” relative
to the direction of the signal B. The right plot shows the AR distribution of the
“Fb daughters” relative to the direction of the signal B.

Separation | Dilution with A¢ cut | Dilution with AR cut
0.7 0.78% =+ 0.04% 0.57% =+ 0.04%
1.5 0.97% + 0.05% 0.91% + 0.05%
2.0 1.02% + 0.05% 0.93% + 0.05%

Table 5.2: Comparison between the tagging power by using the requirement of
A¢ and the requirement of AR.
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5.6 The Jet Algorithms

To make jets, a list of candidate tracks are selected from the particles that

pass the following selection criteria

1. The “FB daughters” are explicitly excluded.

2. A track must have the z vertex displacement from the primary vertex less

than 2.0 cm. This is to suppress the tracks from the minbias events.

3. A A¢ requirement on the separation of a track from the direction of the
signal B. This requirement has two functions: 1) suppress the contribution
from the “Fb daughters”, 2) suppress the contribution from the “Undl.

Particles” as well as the “Minbias particles”.

In the next two sections, we describe the jet cone algorithm and the K jet
algorithm and their applicabilities in this analysis. In the last section, we make
the conclusion that the jet charge should be computed by using all the candidate

tracks, instead of using a jet from any jet algorithm.

5.6.1 The Jet Cone Algorithm

Jets of narrowly collimated energetic hadrons are observed in pp collision

(Fermilab, CERN), ep scattering (HERA) and in eTe™ annihilations[58] (SLAC,
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LEP, DESY, KEK). The jet cone algorithm is commonly used to reconstruct jets.

The details of the algorithm at DO can be found in Ref. [59].

Instead of using the calorimeter objects, we use the reconstructed global
tracks to make jets, since most B daughters do not make corresponding calorim-
eter objects. We have found the jet cone algorithm works poorly in our analysis
environment. This is because the average Fp of the B jets is much lower than
the Ep of the jets commonly used in the jet cone algorithm. The B jet is com-
posed, instead of narrowly collimated energetic hadrons, low p; hadrons that
have a large spread in  — ¢. For a typical bb sample, the average pr of the
“OB daughters” is about 2 GeV. Fig. 5.7 shows the AR separation of the “OB
daughters” from the associate b’s direction when the signal side B has pr from
3 to 6 GeV and from 15 to 18 GeV. When the B py is above 15GeV, a cone
of size AR = 0.7 (commonly used in the jet cone algorithm) contains most of
the daughter particles. However this cone size becomes too small, when the pp
is smaller. Moreover, the “OB daughters” have a very low multiplicity. With
the requirement of p; > 0.5 GeV, the multiplicity of the opposite side B decay
products is only about 2, while the total multiplicity of the produced particles
is about 20. Overlapping jets cause another problem for the jet cone algorithm.
If a track is contained in two jet cones, one has to develop a way to assign the

track in a specific jet. Such assignments may not be correct in all cases.
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Figure 5.7: The AR separation of the “OB daughters” from the associated b
quark direction. The solid line is for the case when the pr of the signal side
b-quark is from 3 to 6 GeV. The dotted line is for the case when the pr of the
signal side b-quark is from 15 to 18 GeV.

In summary, the large jet width, low multiplicity and low pr make the con-
struction and selection of the B jets very difficult using a fixed cone size jet

algorithm in the hadron-hadron collider environment.

5.6.2 The K7 jet algorithm

The K7p jet algorithm successively merges pairs of tracks in order of increas-
ing relative transverse momentum. The algorithm contains a single parameter, D,
that controls when the merging stops. Every particle in the event is uniquely as-

signed to a jet and there are no overlapping jets as there is in the cone algorithm.

The Ky algorithm is described as follows
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Figure 5.8: The comparison on the shape of jet between the jet cone algorithm
and the K jet algorithms.

1. For each pair of tracks, ¢ and j, define:

AR
dij = min(py (i), p7(4)—53" (5.12)

where AR?; is the separation of the 7" and j* track in n — ¢ space

Abyy = = my)? + (65 = 6,)? (5.13)

Also define

d; = p?r(l) (5.14)

2. Find the minimum d,,;, of all d; and d;;.
3. It d,n is a d;j then the two tracks are merged, using the 4-vector recom-

bination scheme, into a new “track” k with

0
P,.=PF+P n = —ln(tan;k) b = tan™( (5.15)

k
Yy
P_;,’f)
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4. If d,pin is a d;, then the " track is not “mergable” and is removed from

the track list pool and added to the jet list.
5. Repeat steps 1 - 5 until all the tracks have been merged into jets.

Many studies of the jet cross sections at D@ [60] have shown the difference
between K and jet cone algorithm is actually very small. However, compared
with the cone algorithm (see Fig. 5.8), the K algorithm indeed gives a better
shape of jet — a more natural shape. We found this advantage helps the K algo-
rithm perform better by reducing the loss of the “OB daughters”. However, the

algorithm still suffers the problem that the B jet is soft and has low multiplicity.

5.6.3 Use all candidate particles

Besides the two jet algorithms discussed above, there is another option to
compute the jet charge: using all of the candidate tracks. The advantage of
this algorithm is that it eliminates the chance that the “OB daughters” are all
discarded when a “wrong*“ jet is selected. It may also recover some of the “OB

daughters” if they are not included in a selected B jet.

We have compared the tagging results of using all candidate tracks with
those of the K7 algorithm. For the MC B~ sample, the tagging power of the Krp
algorithm is only 0.81% = 0.04%, while the tagging power of using all candidate

tracks is 1.92% 4 0.07%. For the MC B° sample, the tagging power of the K
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algorithm is only 0.66% =+ 0.04%, while the tagging power for using all candidate
tracks is 1.02% = 0.05%. Therefore, we use all the candidate tracks to compute

the jet charge in our final analysis.
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Chapter 6

Monte Carlo Samples

6.1 Monte Carlo Event Simulation

Monte Carlo (MC) Event Simulations have become routine in high energy
physics as well as looking at real data. Monte Carlo techniques generate complete
events with all particles from the parton level to the final state stable particles,
giving a complete simulation of the events produced in colliders.

The generated events are processed through a detector simulation software
package (called dOsim at DO ) to include detector effects (e.g particles interact
with detectors, making signals in each detector cell), and the reconstruction soft-
ware package (called dOreco at DO ) to include the performance of the event
reconstruction (such as tracking efficiency, pr resolution, etc). In cross section
measurements, generated events are also processed by the trigger simulation pack-

age (called dOtrigsim at DO ) to study trigger efficiencies for various physics
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processes.

Monte Carlo techniques have been shown to be very successful in high en-
ergy physics. However, one must be aware of all liabilities of the Monte Carlo
simulations. In some processes, MC simulations are far from complete, making

potentially large differences between MC and experimental results.

6.2 The Production Mechanism of bb pairs

There are three major sub-processes that contribute to the generation of bb

events at the Tevatron, see Fig. 6.1.

1. Flavor Creation (FC): A pair of bb quarks is created by annihilation of light
quarks or by gluon fusion via the two 2-to-2 parton subprocesses, g+q — bb,

and g + g — bb.

2. Flavor Excitation (FE): Although there are no valence b quarks in the
proton, at high Q2 bb pairs are produced by gluons and populate the proton
sea. In the flavor excitation process, one of these b-quark is knocked out
of the initial state into the final state by a parton via the subprocesses

g+b—g+b g+tb—g+bqtb—q+b qgt+b— q+b,etc.

3. Gluon Splitting (GS): In the gluon splitting events, only gluons and light

quarks and light antiquarks participate in the 2-to-2 hard parton scattering
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Figure 6.1: Feynman Diagrams for LO and NLO bb pair production.
subprocess. The bb pairs originate in the shower or fragmentation of the
outgoing energetic gluons, light quarks and light antiquarks. Such subpro-

cess include g+ g — g+ (g — bb), ¢+ q — g+ (¢ — bbq), etc.

We have found there are three major differences in the topologies and kinematics
among the three subprocesses: 1) they have distinct distributions of the azimuthal
separation between the bb pairs; 2) they have distinct distributions of the py
correlations between the bb pairs; 3) they have different pp distributions of b-
quark. These differences are discussed in detail below.

The azimuthal separation
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Figure 6.2: The azimuthal separation of the bb events from the Flavor Creation
(solid dots), Flavor Excitation (circles) and Gluon Splitting (* dots) subprocesses.

Figure 6.2 illustrates the azimuthal separation for each subprocess. The
accepted events correspond to the events passing the selection criteria which will
be discussed later in this chapter. The difference between the flavor creation and
the other two subprocesses is significant, while the difference between the flavor
excitation and the gluon splitting subprocesses is much smaller. These distinct
topologies make the JETQ algorithm perform much better (i.e. having larger
tagging power) for the flavor creation subprocess than the other two subprocesses.
The tagging powers of the flavor excitation and the gluon splitting subprocesses

are similar.

The p; correlations
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Figure 6.3 illustrates the p; correlation between the two b-quarks for each
subprocess. The accepted events correspond to the events after the event selec-
tion. From the figure, one can see that the flavor creation subprocess has strong

pr correlations, while the other two subprocesses do not show correlation.
The pr distribution of b-quark

Fig. 6.4 illustrates the py distribution of b-quark. Again, the accepted events
correspond to the events after event selection. In the low pp region, the flavor
creation subprocess has a higher fraction in the total sample; in the high pr

region, the other two subprocesses have higher fraction.

6.2.1 Event generation

We have used PYTHIA version 6.202 in the D@ software framework to gen-
erate the MC bb event samples. The flavor creation events are the easiest to
generate. One can either run the heavy quark option (i.e. MSEL =5 in the
PYTHIA generator card) or run all QCD (MSEL = 1) and then select the flavor
creation events by monitoring the 2-to-2 subprocesses. If one runs all QCD in
PYTHIA, the b-quark mass is set to zero. Therefore, one should generate the

flavor creation subprocess by running the heavy quark option in PYTHIA.

The flavor excitation and gluon splitting events can only be generated in

PYTHIA by running all QCD and select the events by monitoring the 2-to-2
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Figure 6.3: The py correlation between the two b quarks for the Flavor Cre-
ation events (top), Flavor Excitation events (middle) and Gluon Splitting events
(bottom). Events correspond to the events after event selection.
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Figure 6.4: The p; distribution of b-quark after event selection.

subprocess. This process has a very low efficiency in the generation of th events.
We found the efficiency is increased largely by increasing the ckin(3) parameter
(the parameter in PYTHIA that controls the minimum p; value allowed in hard
2-to-2 process) in the PYTHIA card file. By varying ckin(3) from 0 to 5, we
found the kinematics of the b-quark is almost same. We have chosen ckin(3) =5
to generate the MC samples of the flavor excitation and gluon splitting events.
The corresponding efficiency is 1.2%.

For the generation of the Flavor Creation sample, we have generated over 20
Millions events. For the generation of the Flavor Excitation and Gluon Splitting

events, we have generated over 1 billion events.
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6.3 Event Selection

The raw generated MC samples has a much softer b-quark p; spectrum than
the real data sample, since there are kinematic requirements on the daughter
particles from the signal B meson in data. To simulate the data sample, we
select MC events using the corresponding kinematic requirements made on the

data sample,
1. Require the two muons from the signal B with py > 2., and |n| < 2.5
2. Require the kaon from the signal B with pp > 1., and || < 2.5

These selection requirements remove mostly the events where the b-quark popu-
lates the low pp region. The flavor creation, flavor excitation and gluon splitting
events have efficiencies of passing these event selection criteria of 2.94%, 2.38%

and 2.27% respectively.

6.4 The Combined bb Sample

The generated MC samples before the event selection show that the frac-
tions of the flavor creation, flavor excitation and gluon splitting subprocesses are
0.45:0.41:0.14. This agrees qualitatively with the results in Ref. [61], see Fig.
6.5. In Ref. [61], R.F.Field has done a systematic study of sources of b-quark

production at the Tevatron.
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Figure 6.5: The inclusive b-quark differential cross section for |y| < 1 for
proton-antiproton collisions at 1.8 GeV resulting from PYTHIA 6.158 [CTEQA4L,
pr(hard) > 0].

The ratios given above change to 0.51:0.37:0.12 after the event selection cri-
teria are applied. Based on these ratios, we create the combined MC samples
which include all three subprocesses. The signal B pr distribution of the com-
bined sample agrees well with the one of the data sample, see Fig. 6.6.

To estimate any potential systematic errors from the fractions, we calculate
the change in tagging power by changing the fraction of FC, fixing the ratio
between FE and GS (the tagging power of these two subprocesses are similar,

so changing the ratio between the two does not cause a significant change). We
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Figure 6.6: The comparison of the py distributions for the signal B between the
MC combined sample and data sample.

found a 1% change in the fraction of the flavor creation subprocess causes less
than 0.15% absolute change in resulting tagging diltution. This uncertainty is

negligible compared with the statistical error we have in data sample.

6.4.1 B Mixing Effects on the Tagging Results

For all Monte Carlo samples, the mixing of BY is turned on with the mixing
parameter x, = 20.0. However, we have turned off the mixing of B, system for
two reasons: 1) For the neutral MC sample, the signal B°/B is forced to decay
to J/©¥ K, turning on the mixing will cause the opposite side By to also decay to
J/1 K which should rarely happen. 2) Although we can turn on the mixing of

the charged B sample without causing the problem in reason (1), this makes it
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hard to compare tagging results between charged and neutral samples.
However, the effects of mixing must be understood before a correct compar-

ison between MC and data can be made. We have evaluated the effects of the B;

mixing to the tagging results using our MC B~ and B° samples in the following

way

1. divide B~/B° sample into two sub-samples: 1) the opposite side B is By,

2) the opposite side B isn’t Bj.

2. For sub-sample 1, we measure the tagging efficiency and dilution, €,omiz
and D,,,mi; then we flip the charge of each daughter particle from the B,
measure the tagging results, getting €,,;, and D,,;,; Then the tagging results
for sub-sample 1 with the B; mixing on is obtained by combining the two
results based on the method discussed in Appendix A. The fraction of the

mixed events is taken to be 18%.

3. For sub-sample 2, we measure the tagging efficiency and dilution, ¢ and

Dy respectively.

4. Finally, we combined the two sub-samples to get the tagging results for
the total sample in the case that the B; mixing is on. The fraction of

sub-sample 1 is taken to be 40%.

For the B~ sample, with B; mixing on, the tagging dilution is estimated to be
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92% of the dilution of the events with the B; mixing off. For B® sample, the
tagging dilution is estimated to be 90% of the events with the B; mixing off. The

tagging efficiency is almost unchanged in both samples.
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Chapter 7

JETQ Tagging results with Monte Carlo

Samples

In this chapter, we will give the tagging results for the generated MC samples,
including both charged B and neutral B samples. No asymmetry has been found
in the tagging results between the generated B~ and BT samples, as well as
between the generated B° and B® samples. Between the charged and neutral
sample, the charged sample has a much larger dilution. The reason has been

discussed in the last chapter.

For the reconstructed samples, we have found B~ (B) sample has slightly
higher tagging dilution than BT(B°) sample. This asymmetry is caused by a
small excess of positive tracks (in favor of the tagging of B~ sample) in the

reconstructed events.
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In order to show that the difference in topologies between the three sub-
processes (flavor creation, flavor excitation, and gluon splitting) cause different
tagging results, we will first outline the tagging results for each subprocess for the

B~ sample. Then the tagging results for the combined samples will be outlined.

7.1 The Tagging Results of the Flavor Creation

Subprocess

The actual value of the tagging power of the JETQ algorithm depends on
the A¢ separation. Table 7.1 shows the tagging results of the JETQ tagging
algorithm running on the MC Flavor Creation sample with different A¢ cuts. It
can be seen that both the dilution and the tagging power drop as the A¢ cut
increases. This is caused by the two reasons that we have discussed: 1) the larger
the A¢ cut, the more “Fb daughters” are removed, making the tagging power
drop (We have shown in chapter 5 that the “Fb daughters” help increase the
tagging power in charged B samples); 2) the larger the A¢ cut, the more “OB
daughters” are removed, and we have shown these particles are crucial in the

JETQ tagging.

On the other hand, the tagging efficiency increases as A¢ is increased. This
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eD?

A¢ cut D €
0.7 28.3% + 0.35% | 39.7% £+ 0.11% | 3.17% £ 0.08%
1.0 26.0% + 0.34% | 42.6% £+ 0.11% | 2.88% £ 0.07%
1.5 23.8% + 0.32% | 47.9% + 0.11% | 2.72% + 0.07%
2.0 21.9% + 0.30% | 55.1% + 0.11% | 2.64% + 0.07%
24 19.1% £ 0.28% | 63.2% =+ 0.11% | 2.30% + 0.07%

Table 7.1: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the flavor creation B~ events, based on the A¢ requirements of
0.7, 1.0, 1.5, 2.0 and 2.4

is because the larger A¢ cut leads to less tracks in the candidate track list (some-
times the number of tracks in the list drops to only 1 track), making the jet
charge value shift to either +1 or -1, and moving away from 0. Since events with
|Q| < 0.2 are labeled as untagged, the larger A¢ cut leads to a higher tagging

efficiency.

The tagging results also show dependences on the p; of the signal side B
meson (the pr of the opposite side B is unknown). Figure 7.1 shows the tagging
efficiency, dilution and tagging power as functions of the signal side B meson
pr and different A¢ cuts. The tagging efficiency drops as the pr of the signal
B increases. This is because the larger the pr of the signal B, the larger the
multiplicity of tracks in an event, thus more tracks in the candidate track list.
The larger multiplicity makes the jet charge more likely to be neutral (i.e. close

to 0), causing lower tagging efficiency.
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A¢ cut D € eD?
0.7 28.3% + 0.34% | 40.1% £+ 0.11% | 3.23% £ 0.08%
1.0 26.8% + 0.33% | 42.9% £+ 0.11% | 3.09% =+ 0.08%
1.5 24.8% + 0.32% | 48.2% + 0.11% | 2.96% =+ 0.08%
2.0 22.9% + 0.30% | 55.2% + 0.11% | 2.89% + 0.08%
24 19.6% =+ 0.28% | 63.3% £ 0.11% | 2.43% + 0.07%

Table 7.2: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the flavor creation BT events, based on the A¢ requirements of
0.7, 1.0, 1.5, 2.0 and 2.4

On the other hand, the tagging dilution increases as the pr of the signal B
increases. This is due to the strong py correlations between the two b-quarks in
the flavor creation subprocess, which is shown in Fig. 6.3 (the top plot). The
larger the pr of the opposite side B, the more likely for the tagging algorithm
to tag correctly, since the “OBdau particles” are more likely to dominate over
all other relevant particles in terms of pr. But this correlation is not true in the
flavor excitation and gluon splitting subprocesses, since there is no py correlations

between the two b-quarks in those subprocesses.

Finally, we find no tagging asymmetry between the generated MC B~ and
B7 samples in the JETQ algorithm. The tagging results for BT sample is shown

in table 7.2
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Figure 7.1: The tagging results for the MC Flavor Creation B- sample. The top
plot is the tagging power, the medium plot is for the tagging dilution, the bottom
plot is for the tagging efficiency. The x-axis is the pr of the signal side B meson,
different lines corresponding different A]qgj cuts.



A¢ cut D € eD?
0.7 15.1% £ 0.53% | 36.4% £ 0.16% | 0.83% + 0.06%
1.0 12.5% £ 0.52% | 39.1% =+ 0.16% | 0.61% + 0.05%
1.5 9.9% + 0.49% | 44.6% =+ 0.16% | 0.44% + 0.04%
2.0 6.7% + 0.45% | 51.8% =+ 0.16% | 0.23% + 0.03%
24 4.3% + 0.42% | 60.2% =+ 0.16% | 0.11% + 0.02%

Table 7.3: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the flavor excitation subprocess, based on the A¢ requirements
of 0.7, 1.0, 1.5, 2.0 and 2.4

7.2 The tagging results of the Flavor Excitation

Subprocess

Since the tagging power is a function of the tagging efficiency and the dilu-
tion, its results are known once the results of the other two variables are given.
We will skip the plots of the tagging power.

Table 7.3 shows the tagging results of the MC Flavor Excitation B~ sample
with different A¢ cuts. The tagging dilutions are poorer compared with those
of the flavor creation subprocess. This is caused by the following two reasons:
1) the A¢ correlations between the two b-quarks are much weaker in the flavor
excitation subprocess. 2) the two b-quarks do not have the p, correlations as
found in the flavor creation subprocess.

The tagging efficiency as a function of the py of the signal side B meson is
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Figure 7.2: The tagging efficiency for the MC Flavor Excitation B- sample. .

similar to that of the flavor creation subprocess. However, the tagging dilution
plots are distinctly different. The plots are shown in figures 7.2 and 7.3. Since
there is no py correlation between the two b-quarks, it is natural to see the tagging

power is approximately flat over all py region.

7.3 The Tagging Results of the Gluon Splitting
Subprocess

The topology and kinematics of b-quarks are similar in the flavor excitation

subprocess and gluon splitting subprocess. Their tagging results are also similar.

Table 7.4 shows the tagging results of the MC gluon splitting B~ sample

while using different A¢ cuts.
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Figure 7.3: The tagging dilution for the MC Flavor Excitation B- sample. .

A¢ cut

D

€

eD?

0.7

16.5% + 1.04%

33.9% £ 0.29%

0.92% £ 0.12%

1.0

13.3% + 1.00%

36.9% + 0.30%

0.65% + 0.10%

1.5

9.5% + 0.93%

42.6% + 0.30%

0.38% + 0.08%

2.0

6.7% + 0.86%

50.4% + 0.31%

0.23% + 0.06%

24

3.5% + 0.79%

59.4% £ 0.30%

0.07% =+ 0.03%

Table 7.4: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the gluon splitting subprocess, based on the A¢ requirements of

0.7, 1.0, 1.5, 2.0 and 2.4
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Figure 7.4: The tagging efficiency for the MC Gluon Splitting B- sample. .

The results of the tagging power as functions of the signal side B pr are

shown in the figure 7.4 and 7.5.

7.4 The tagging results of the combined sample

As discussed in chapter 6, we have obtained the combined sample by taking
the fractions of the three subprocesses of 0.51:0.37:0.12. Table 7.5 shows the
tagging results of the combined B~ sample while using different A¢ cuts. Table
7.6 shows the tagging results of the combined B® sample while using different A¢

cuts.

The tagging results of the combined B~ sample as functions of the signal
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Figure 7.5: The tagging dilution for the MC Gluon Splitting B- sample. .

Ag cut D € eD?
0.7 22.5% 4 0.42% | 37.4% + 0.13% | 1.90% =+ 0.07%
1.0 20.0% + 0.41% | 40.3% + 0.13% | 1.61% + 0.07%
1.5 17.5% 4+ 0.38% | 45.7% + 0.13% | 1.40% + 0.06%
2.0 14.8% + 0.36% | 52.9% + 0.13% | 1.17% + 0.06%
2.4 12.3% 4 0.33% | 61.4% £ 0.13% | 0.93% % 0.05%

Table 7.5: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the combined B~ sample, based on the A¢ requirements of 0.7,

1.0, 1.5, 2.0 and 2.4
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Aocut D € eD?
0.7 | 14.5% £+ 0.4% | 37.4% £ 0.1% | 0.78% + 0.04%
1.0 | 14.7% £ 0.4% | 40.2% + 0.1% | 0.87% + 0.04%
1.5 | 14.6% £ 0.4% | 45.8% £ 0.1% | 0.97% <+ 0.05%
2.0 | 13.9% £ 0.3% | 53.1% £ 0.1% | 1.02% + 0.05%
24 | 11.5% £+ 0.3% | 61.7% £ 0.1% | 0.81% + 0.04%

Table 7.6: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the combined BY sample, based on the A¢ requirements of 0.7,
1.0, 1.5, 2.0 and 2.4

side B pp are shown in the figure 7.6, 7.7 and 7.8. The tagging results of the
combined B° sample as functions of the singal side B p; are shown in the figure

7.9, 7.10 and 7.11.

7.5 The fully reconstructed sample

Up to now, we have discussed the results based on the generated MC samples.
To understand the effects of the DO simulation and reconstruction to the tagging
results, we have run part of the combined sample into the D@ simulation and
reconstruction packages. Moreover, we have run the combined sample after full
reconstruction through the same package (d0root_btag) that is used to obtain the
real data samples. The tagging results for the reconstructed sample (including

both B~ and BT samples) are shown in table 7.7.
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Figure 7.6: The tagging efficiency for the combined MC B- sample.
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Figure 7.7: The tagging dilution for the combined MC B- sample.
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Figure 7.8: The tagging power for the combined MC B- sample.
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Figure 7.9: The tagging efficiency for the combined MC B° sample.
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Figure 7.10: The tagging dilution for the combined MC B° sample.
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Figure 7.11: The tagging power for the combined MC B° sample.
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A¢ cut

D

€

eD?

0.7

19.1% £ 0.68%

40.3% £ 0.22%

1.47% £ 0.10%

1.0

17.0% £ 0.66%

44.6% £ 0.22%

1.29% + 0.10%

1.5

15.0% =+ 0.63%

49.5% + 0.22%

1.08% =+ 0.09%

2.0

13.0% + 0.59%

56.3% + 0.22%

0.95% + 0.09%

24

11.3% £ 0.56%

63.8% £ 0.22%

0.82% + 0.08%

Table 7.7: The results of the tagging dilution (D), efficiency (¢) and tagging
power (eD?) for the fully reconstructed sample, based on the A¢ requirements of

0.7, 1.0, 1.5, 2.0 and 2.4

Compared with the tagging results of the MC generated samples, the tagging
dilution on average drops 13.4%. The major reason that acounts for the decrease
of the tagging dilutions is the imperfection of the global track reconstruction

efficiency. The tracking efficiency in the central region is about 90%, and in the

forward region (|n| > 1.7) is about 80%.

7.6

reconstructed samples

In addition to the decrease of the tagging dilutions, a small asymmetry in
the tagging dilutions between the BT and B~ events have also been observed in

the reconstructed samples. The tagging results for the BT and B~ reconstructed

The asymmetry between the BT and B~

samples are shown in the table 7.8 and 7.9 respectively.
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Aopcut D € eD?
0.7 | 18.6% £ 0.9% | 41.9% + 0.3% | 1.45% + 0.14%
1.0 | 15.8% £ 0.9% | 44.7% + 0.3% | 1.12% + 0.12%
1.5 | 13.9% £ 0.8% | 49.6% £ 0.3% | 0.96% + 0.12%
2.0 |12.5% £+ 0.8% | 56.6% + 0.3% | 0.88% £ 0.11%
24 1 10.5% £+ 0.8% | 63.8% £ 0.3% | 0.71% +£ 0.10%

Table 7.8: The results of the tagging dilution (D), efficiency (€) and tagging power
(eD?) for the fully reconstructed B sample, based on the A¢ requirements of
0.7, 1.0, 1.5, 2.0 and 2.4

Aocut D € eD?
0.7 | 19.5% + 0.9% | 41.7% + 0.3% | 1.59% + %
L0 | 18.0% £ 0.9% | 44.2% £ 0.3% | 1.44% £ %
1.5 | 15.7% £ 0.8% | 49.2% + 0.3% | 1.21% + %
2.0 | 13.6% + 0.8% | 55.9% £ 0.3% | 1.03% + %
24 1 12.2% £ 0.8% | 63.8% £ 0.3% | 0.94% £ %

Table 7.9: The results of the tagging dilution (D), efficiency (¢) and tagging power
(eD?) for the fully reconstructed B~ sample, based on the A¢ requirements of

0.7, 1.0, 1.5, 2.0 and 2.4
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The asymmetry is related to the fact that the reconstructed events have a
small excess of positive tracks in the reconstructed events. In the reconstructed
samples, including both charge and neutral B samples, we have found 1.6% more
positive tracks than negative tracks. This excess of positive tracks cause the

B~(B") sample have larger tagging dilution.
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Chapter 8

JETQ tagging results of the data Sample

In this chapter, we give the JETQ tagging results for the data sample with
fully reconstructed B — J/1K* decays. The results are compared with the

predictions from the MC, and found to be consistent within the statistical error.

8.1 Data Sample Selection

The data sample used in this analysis was collected using the dimuon trigger
during the period from September 2002 through November 2003, corresponding to
an integrated luminosity of 225 pb™!. After reconstructing the data, events with
at least one reconstructed J/v formed from a pair of opposite charged muons are
selected. The data is then analyzed using the dOroot_btag (version 9.1) package
to find events with fully reconstructed B* — J/¢K* decays. The following

selection criteria have been used:
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1. J/4 reconstruction: Each muon from the J/¢ must have pr > 1.5 GeV/c
with at least one hit in the silicon tracking detector (SMT). The dimuon
mass (M,,,) is required to be in the range of 2.8 to 3.3 GeV/c. The x? of

the the dimuon vertex fit must be x? < 10.

2. B* reconstruction: The BT is reconstructed through finding a common
vertex formed by the reconstructed J/i and a track (assumed to be K*).
The candidate K= is required to have pr > 1.0 GeV /c, with a x2 < 10 for
its contribution to the fit of the B vertex. In addition, the B vertex, which
has three tracks (two muons, one kaon), is required to have a x* < 20.
Next, we impose a collinearity requirement. We require the cosine of the
angle between the B momentum direction and the vector from the primary
vertex to the B decay vertex to be greater than 0.9. Finally, we require
the decay length significance (decay length divided by its error) of B to be

> 4.5. The resulting B* sample is shown in Fig. 8.1.

8.1.1 Track Selection Criteria

The following track selection criteria are applied to select the candidate

tracks used in the JETQ tagging process:

1. The tracks used to reconstruct the signal B are explicitly excluded, i.e. a

pair of muons and the K* in Fig. 5.5.
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Figure 8.1: Invariant mass for candidate B* — J/¢ K* events. The data sample
was obtained by the D@ Runll detector, with an integrated luminosity of 225
pb~!. The first plot is for all candidate B, the second plot is for tagged events,

the third is for the correctly tagged events, the last is for the incorrectly tagged
events.
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2. A track is required to have at least 1 SMT hits (corresponding to SMT hits

in at least one layers of the silicon detectors).

3. A track is required to have a x%/dof (Degree of Freedom) of less than 9.
This is a track quality requirement on the reconstructed tracks from the

global track fitting.

4. A track is required to have a 2-dimensional DCA (Distant Closest Approach
to the primary vertex) of less than 0.2 ¢cm. The requirement reduces the
asymmetry on the tagging power between BT and B~ samples. The asym-
metry is caused by a small excess of positive tracks. This is believed to be

a detector effect.

5. A track must have p; > 0.5 GeV/c.

6. A track must have the z vertex displacement from the primary vertex of
less than 2.0 cm. This requirement suppresses the “Minbias particles” from

entering the jet.

7. To tag an event, the calculated jet charge @ is required to be |Q] > 0.2.

An event has no tag if |Q] < 0.2.

8. A A¢ requirement on the separation of a track with respect to the direction

of the signal b-quark is applied.
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8.2 JETQ Tagging Results

The JETQ algorithm has been run on the selected data sample. The invari-
ant candidate B mass plots are drawn in Fig. 8.1. The number of tagged events
is drawn by fitting each tagging plot with a Gaussian function and a polynomial

function of order 2.

The flavor of the signal b-quark is known from the charge of the kaon in
the fully reconstructed B* — J/iK* decay. If the signal b quark has positive
charge, then a negative jet charge gives the correct tag, a positive jet charge gives
an incorrect tag. The tagging efficiency (¢) and dilution (D) are calculated by
Eq. (1) and (2). The errors of € and D are calculated using binomial errors.
The error of the tagging power is calculated by the error propagation formula,
assuming € and D are independent. The detail of the error estimation is discussed

in chapter 9.

Table 8.1 shows the results for A¢ separations of 0.7, 1.2 and 2. In all three

cases, the tagging dilutions are consistent with the predictions of the MC sample.

We have checked the robustness of the results by varying all associated re-
quirements involved in the JETQ tagging algorithm by both small and large
amount. For the small variation, each requirement has been varied by + 1%

around the selected value. For the large variation, we have taken the py cut at
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Aopcut D € eD?
0.7 | 15.2% £+ 4.0% | 52.1% £ 1.7% | 1.20% + 0.64%
1.2 | 13.7% £ 3.9% | 56.9% + 1.7% | 1.07% + 0.60%
2.0 |8.14% £ 3.7% | 64.8% £ 1.6% | 0.43% + 0.39%

Table 8.1: DATA sample with B* — J/yYK*, 225 pb™!

0.25 and 1.0; the Az cut at 1., 3.; the |@| cut at 0.1, 0.3; x2/dof at 3, 6. The
resulting dilutions agree with the predictions from the MC sample within the

statistical error.
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Chapter 9

Error Estimation for the Tagging Results

This chapter describes how to estimate the statistical errors for the tagging
efficiency and dilution. Two methods are discussed. They are the method of
binomial error and error propagation. It is shown that the two methods yield
identical results when no background exists, and yield consistent results when
there is background. By comparing the two methods, we conclude that using
binomial errors can be applied more generally and is used in our final analysis.

We will only discuss the error estimate for e. The same approach applies to

the error estimate for D after replacing Eq. 5.2 with D =1 — 2 % %
T

9.1 Method A: Binomial Error Approach

Each candidate event has a fractional probability (€) of being tagged, the

total number of tagged events (Np) obeys a binomial distribution. Therefore the
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error in € is given by
N
o= \/6(1—6)§ (9.1)
The error in € is due to the binomial error in counting Ny for a fixed input number
of events N. The error for Ny is given by /e(1 — €)N.
It should be noted that the binomial error in Ny is calculated analytically

based on the binomial distribution probability density function [62], thus no

approximation is used.

9.2 Method B: Error Propagation Approach

An alternative method of estimating o, is through the propagation of errors.

To do this, we first transform Eq. 5.1 into

Nr

€= ————
Nr + Ny

(9.2)

where Ny and Ny are independent of each other. The error in a quantity f that

is a function of two independent variables through the propagation of errors is

[63]

of \* of*

o = () o2+ (50) 0, 93)

One should keep in mind that this equation is based on the approximation that
the first derivative changes only slightly over a few ¢ around the mean value,

thus the higher order differential terms in the Taylor expansions can be ignored.
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Applying Eq. 9.3 to Eq. 9.2 gives

2 2

ON. ON
O = \/(1 — &y ey (9.4)
on, is interpreted as the statistical error of Ny, which is equal to /Ny. Same
for oy, . Inserting the statistical errors into the equation, one ends up with Eq.

9.1.

Nr Ny
7 \/(1_6)2ﬁ+62ﬁ
Nr Nr Ny
- \/(1_2€)ﬁ+62ﬁ+€2ﬁ
Nr N
- \/(1_26)1\12“21\12

N. N.
= \/(I—ZG)FE+EF€

= (1— e)eg

Therefore, the two methods give identical result if there is no background.

9.3 Adding Background

In a real experiment, N is extracted by fitting the mass distribution, which
has both signal and backgrounds, e.g. the candidate B invariant mass plot shown
in Fig. 8.1. The error v/ N underestimates the error in N by ignoring the existence
of background. The background must be considered in calculating the error in

N. Therefore Eq. 9.1 and 9.4 must be modified.
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For the method of binomial error, one can replace v/N in Eq. 9.1 with the
error from a fit to V. The fitting code calculates the statistical error in N by
including the contribution from the background. The replacement is based on
the following observation: although the binomial error in € is not directly caused
by the statistical error in N, the magnitude of it is proportional to the statistical
error in N. The validity of this replacement has been verified using toy MC
studies.

After this substitution, The binomial error becomes
o = Vel —e)—=— (9.5)

0N stands for the fitted error in N. One can do a similar substitution for method

B. The error through propagation becomes:

o = \/(1 —€)? (5]]\\;2) + €2 wxg) (9.6)

0Ny and 0 Ny stand for the fitted error in Ny and Ny respectively.

9.4 Equivalence of Method A and B When Back

ground Exists

In this section, we will show that the two methods yield approximately the

same result. First we define the following terms:
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o By: The total number of background events in the sample under the B

mass peak;

o Bp: The total number of background events in the tagged sample under

the B mass peak;

o By: The total number of background events in the un-tagged sample under

the B mass peak,

with the constraint By = By + By.

With background, the error in the fitted total number of B events is directly
given by the fitting code. However, to show method A and B yield approximately
the same result, we need to write this error (J/NV) in an analytical form as a
function of N and By. Since the magnitude of 6N has contributions from the
statistical fluctuations of N and By, which are independent of each other, a

natural assumption is

SN = /(on)2+ (05y)2 = /N + By (9.7)

Similar assumptions apply to the error estimate for d Ny and d Ny .

Studies using both a Toy MC and data samples have shown that this is
a very good approximation. The difference between the fitted results and the

analytically calculated result is less than 3%.
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To compare the results from the method of binomial error and the method
through propagation of errors, we compare the term N?0? derived from Eq. 9.5 to
that derived from Eq. 9.6. Applying Eq. 9.7 to Eq. 9.5, squaring and multiplying
it by N? give

N?0? = (1 —€)eN + (1 — €)eBy (9.8)
We make similar substitutions of d Ny and d Ny in Eq. 9.6, squaring and multi-

plying it by N? give
N202 = (1 —€)*(T + By) + (U + By) (9.9)

T and N are related by the tagging efficiency €. In order to relate By and By
to By, we define the tagging efficiency for the background events by €. Now we
change each tag and un-tag variable in Eq. 9.9 to the corresponding quantities
of the largest sample (i.e. N and By for the total B sample) by using 7' = €N,

Br = ¢ By, etc. Eq. 9.9 becomes

N?6? = (1—¢€)*(eN +éBy)+ (1 —e)N + (1 — €)By)
= [(1-e?c+E(1—e)|N+[(1—-e?+e(1—¢€)By
= (l—€)eN + (€ —=2de+ By (define 6.0 =€ —¢€)

= (1—¢)eN+ (1 —¢€)eBy — (1 — 2€)0.« By

Comparing the resulting terms with those in Eq. 9.8, the only difference is

the additional term (1 — 2¢)d. By. The difference that this additional term adds
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on the error estimate of € between method A and B is

(1 — 26)5€€/BN
(1—¢€)eN + (1 —¢€)eBy

It is much easier to estimate the upper limit of this difference defined as

a= % (9.11)

We tested two algorithms (SLT and JETQ) in the B flavor tagging studies,
both yield |a| < 2%. More generally this additonal term should have negligible
contributon as long as the two efficiencies are similar to each other, i.e. d. < €.
This condition holds in general because a big difference between € and ¢ implies
additional cuts exist to clean up one’s sample. In addition, if ¢ = 50%, the
difference between the two methods becomes 0. In the cases of the efficiency
being close to 0% or 100%, method B will have the problem that one of the

samples has a very small size, causing the fit to be less reliable.

9.5 Conclusions

Since both methods yield equivalent results, each of them can be used in
estimating the error in € and D. However, method A is strongly recommended
over method B. This is because method A uses the measured quantity of two
larger samples (N and Np) rather than method B which uses smaller samples

(Np and Ny ). This makes method A more reliable because of higher statistics in
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the samples used. This is especially important when the efficiency is close to 0%

or 100%.

142



Chapter 10

The CP Asymmetry Parameter sin(273)

Measurement

In this chapter, the JET(Q algorithm is used to measure the CP asymmetry
parameter sin(2/3) using both the time integrated and time dependent methods.
Similar studies have been conducted in CDF Run I project, yielding sin(23) =
—0.31+0.81—0.85 [64]. We first discuss the data sample selection in section 10.1.
In section 10.2, we discuss the time integrated sin(23) measurement. In section
10.3, we discuss the time dependent sin(23) measurement. In section 10.4, we
compare toy MC simulations of the sin(23) measurement with the results of the

data sample.
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10.1 Data Sample Selection

To measure the CP asymmetry parameter sin(23), we use the data sample of
fully reconstructed B — J/¢ Ky decays. The data sample we used is in AADST
format, different from the charged data sample used in the last section. The
following selection criteria have been used in the reconstruction of candidate B

events:

1. J/4 reconstruction: Each muon from the J/¢ must have pr > 1.5 GeV/c
with at least two hits in the silicon tracking detector. The dimuon mass

(M,,,) is require to be in the range 2.8 to 3.35 GeV /c?.

2. K, reconstruction: Each pion from the Ky must have pr > 0.4 GeV/c. The
invariant mass (M,,) of two pions is required to be in the range 0.465 to

0.52 GeV /2.

3. BY/BY reconstruction: The B is reconstructed through finding a common
vertex formed by the reconstructed J/v and K. In addition, the B vertex
is required to have a x? < 25. Next, we impose a collinearity requirement.
We require the cosine of the angle between the B momentum direction and
the vector from the primary vertex to the B decay vertex to be greater than

0.9.
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The resulting B — J/¢¥ K, candidate events and associated tagged events
are shown in Fig. 10.1, the tagging plots correspond to a A¢ cut of 2.0. To count
the number of tagged B® and B° events, we have fit the invariant mass plots of
B'-tagged and BY-tagged events with a Gaussian function (signal) plus a linear
function (background).

In running the JETQ tagging algorithm, the same track selection criteria
applied in the last section has been used, except that the minimum py requirement
is changed to 0.25 GeV/c. We find from the MC studies that a smaller pr cut
yields a larger tagging power. A larger tagging power generally leads to a smaller
statistical error on the measured value of sin(23) value. Therefore, we select the
minimum pr requirement at 0.25 GeV/c (0.25 GeV/c is the pr cutoff in the DO

reconstruction software).

10.2 The Time Integrated sin(25) Measurement

CP violation in B-mesons leads to a difference in the decay rates of B; and

By into CP eigenstates fcp. For B — J/1¢ K, the decay rates are given by [65]
Ly(t) = e x (1—sin28 x sin Amt) (10.1)
[y(t) = e x (1+sin28 x sin Amt) (10.2)

where T'4(t) stands for By — fop, T's(t) stands for By — fcp, Am is the mass

difference between between the heavy and light CP eigenstates, 3 is one of the
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Figure 10.1: Invariant mass for candidate B — J/1¥ K, events. The data sample
was obtained by D@ Run II detector, corresponding to 225 pb~! luminosity. The
first plot is for all candidate B, the second plot is for tagged events, the third is
for the events tagged as B, the last is for the events tagged as B°.
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angles of the unitarity triangle.

For a time integrated measurement, the value of sin(23) is given by

l+22N - N
in(23) = — 10.3
sin(29) = 4T (10.3)
where z; is the mixing parameter, z; = Am/I. % is defined as the raw

asymmetry A,q,, where N is the number of B? events, N is the number of B°

events. A,,, is derived from the tagged asymmetry Ay,

At
A = —2 10.4
D ( )
T-T
A a = = 105
g TP (10.5)

where D is the tagging dilution, 7" is the number of events tagged as B, T is the

number of events tagged as B. The error in the measurement of sin(24) is given

by

5[28)] = I+a3 1 1+a3VNe
g /NeD? zqg NeD

where v/ Ne is the statistical error due to the number of tagged events (T;,; = Ne).

(10.6)

If there were no background in the data sample, the above equation would be
correct. With background in the data sample, the contribution from the back-
ground must be included. As discussed in the previous chapter, the contribution
from the background can be included by replacing v/ Ne with the error from the
fit of T}

Processing the neutral B sample through the JETQ algorithm determines

the production flavor of the reconstructed B in each event. If the jet charge is
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Aocut | B tags | B tags | B — purity | B — purity sin(203)
1.2 74.1 65.3 39% 38% 1.044+ 1.88
1.5 76.1 70.4 38% 37% 0.63+ 1.86
1.7 88.5 65.8 39% 34% 247+ 1.75
2.0 99.1 90.5 40% 40% 0.82+ 1.80
2.3 82.8 116.4 34% 43% —3.024 2.34
2.6 104.8 | 104.4 37% 37% 0.06£ 2.71

Table 10.1: The resulting tags and the corresponding sin(2/3) values for the time
integrated measurement.

negative, the flavor of the reconstructed B-meson is tagged as a B, if the charge
is positive, the flavor of the reconstructed B-meson is tagged as B.

Table 10.1 gives the tagging results for different values of A¢ (1.2, 1.5, 1.7,
2.0, 2.3 and 2.6). As a check of the reliability of our result, we have included the
purity of each fit invariant mass plot. The purity is defined as S/(S + B), where
S stands for the number of signal events, B stands for the number of background
events. The B-tags and B-tags show small difference in the purities when the A¢
requirement is 1.2, 1.5, 2.0, 2.6, but large differences when the A¢ requirement
is 1.7 and 2.3. Since the purity is expected to be similar for both B-tags and
B-tags, a large difference implies that the fitting results are affected by statistical
fluctuations of the signal and/or background, causing a much larger fluctuation
in the measured value of sin(2(3). As a crosscheck, we have make the same plots

with different A¢ requirements using the charge B data sample. We find that
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the difference in the purities is small (around 1% to 2%).

The measured values of sin(23) with different A¢ cuts are listed in Table
10.1. With the A¢ cut at 2.0, the measurement gives sin(25) = 0.82 + 1.80.
Given the world average value of sin(24) = 0.74 £ 0.04 [66], to confirm that
sin(20) is non-zero, we need approximately 30k tagged B events. This corre-
sponds to an integrated luminosity of 3.3 fb !, assuming the current triggering

and reconstruction efficiencies.

We have checked the robustness of this measurement using the same method
as in the robustness check of the tagging results in chapter 8. All of the resulting
values of sin(23) are consistent within the statistical error of the values in Table

10.1 .

The systematic error associated with this measurement is mainly from the
uncertainty in the fractions of the three subprocesses FC:FE:GS. At the present
time there are no measurements of these fractions. Our MC studies show that the
fractions are 0.51:0.37:0.12. If we assume a 5% relative change in the fraction of
the Flavor Creation events, the corresponding systematic error in the measured
sin(20) value (for A¢ = 2.0) will be 0.05. If we assume a 10% relative change in
the fraction, the correponding systematic error will be 0.11. Compared with the

current statistical error, this is negligible.
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Ap=1.2 A¢ = 2.0 Ap =23

Proper Decay B B B B B B
Length(pm) tags tags tags tags tags tags
0 - 200 12.1 11.7 18.5 31.2 11.8 41.0
200 - 400 26.1 23.9 30.5 20.1 24.6 21.5
400 - 800 21.8 15.4 29.1 19.4 32.2 33.1
800 - 1400 12.4 9.8 15.2 11.2 13.5 11.7
1400 - 2000 1.00 4.94 4.70 7.12 1.25 7.14

Table 10.2: The number of tags for the time dependent measurement.

10.3 The Time Dependent sin(25) Measurement

The CP parameter sin(2() can be written in terms of a time dependent
asymmetry as

; = sin 23 x sin Amt (10.7)

The time dependent measurement is made using this equation, where we bin the
proper decay length into 5 bins: 0-200 pm, 200-400 pm, 400-800 pm, 800-1400
pm, and 1400-2000 pm. The resulting tags are listed in table 10.2, corresponding
to 3 different A¢ requirements; 1.2, 2.0, 2.3.

Based on the tags in table 10.2, A;,,(t) for each proper decay length bin
is calculated. To calculate the raw asymmetry A, (t), the tagging dilution is
needed for each specific A¢ requirement. For a given A¢ requirement, the tagging

dilution is assumed to be same in each proper decay length bin.
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In the tagging studies of the charged B data sample discussed in the last
section, we have shown that the tagging dilution is expected to drop by 13.6%
due to the imperfect track reconstruction efficiency and 8% due to the mixing of
the opposite side B;. We find for the neutral B sample, the tagging dilution is
expected to drop by the same amount due to reconstruction and 10% due to the
By mixing. Therefore, the tagging dilution used for the neutral B data sample is
Do x 0.866 % 0.9, where Dj;¢ is the tagging dilution of the MC sample.

We plot the raw asymmetry in Fig. 10.2 and fit it using the function
Acpsin[(x/0.03) x Am], where Am is fixed at 0.489 ps™', Acp is the fitted value
of sin23. From Fig. 10.2, the fit values of sin23 are 1.03 £ 1.16, 1.80 + 1.15,
—0.35 4+ 1.23 for A¢ cut at 1.2, 2.0 and 2.3 respectively. Again, we have checked
robustness of the measurements, all changes in the results can be explained by

statistical fluctuations.

10.4 Toy Monte Carlo Studies

As a test of the statistical error measured in the data sample, a large number
of toy Monte Carlo “experiments” have been run. For the time dependent sin(2/53)
measurement, the toy Monte Carlo “experiments” provide good estimates of the
shape of the raw asymmetry plots for the data sample of specific size.

In the toy MC “experiments”, the size of the tagged B events N has been
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Figure 10.2: The time dependent measurement of CP asymmetry parameter

sin(20) with different A¢ cuts.
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chosen to be 200, 2000, and 1,000,000 respectively. The tagging efficiency is
estimated to be 60% from the result of the data sample. In the simulation, the
number of events of B and B are generated according to a binomial distribution
following A,q, defined in Eq. 10.3. The number of tagged events are generated
using a binomial generator following Eq. 5.2, while allowing the tagging dilutions
of B and B to fluctuate. The magnitude of the fluctuation is determined by the
size of the associated sample, while the background contribution is also included.

Finally, the value of sin(27) is assumed to be 0.8.

In testing the statistical error of the integrated measurement, two sets of
100 toy MC “experiments” have been generated. Table 10.3 shows the results
of several toy MC “experiments” from the first set. The mean and standard
deviation of each set are listed in table 10.4. The MC simulation with 200 tagged
events yields a statistical error that agrees very well to the one found in the real

data sample.

For the time dependent measurement, the probabilities of B and B decaying
to J/1Y K, at time t are simulated by the probability distribution function given
in Eq. 10.2. The resulting raw asymmetry plots are shown in Fig. 10.3, 10.4
and 10.5. For each MC “experiment”, two plots are shown. The left plot cor-
responds to the raw asymmetry derived from the generated B and B events in

each proper decay length bin. The right plot corresponds to the raw asymmetry
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Toy MC samples | 200 events | 2000 events | 1000,000 events
1 2.65 1.54 0.73
2 2.00 0.51 0.74
3 -0.33 0.61 0.81
4 1.14 0.54 0.80
) 4.98 1.08 0.77
6 1.38 0.19 0.84
7 3.32 1.08 0.83
8 1.45 1.80 0.78
more

Table 10.3: Examples of the toy MC results for the time integrated sin(25)
measurement.

Toy MC experiments | 200 events | 2000 events | 1000,000 events
set 1 0.65 £1.98 | 0.77 = 0.68 | 0.80 £ 0.034
set 2 1.06 + 1.72 | 0.89 £ 0.52 | 0.80 + 0.025

Table 10.4: The toy MC results of the time integrated sin(23) measurement.
Each set includes 100 MC “experiments”
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derived from the “tagged events” (which have included the fluctuation of dilu-
tions). Comparing the data sample’s statistical error with that of the toy MC
“experiments” with the same sample size (200 tagged events), the data sample
have proper errors. The results of the study also show that the raw asymmetry

plots of data sample have reasonable shapes.

10.5 Conclusions

We have developed the opposite side jet charge tagging algorithm in the DO
Run II project. The tagging performance has been measured using B* — J/¢y K=*
data sample of integrated luminosity 225 pb~. The measured dilution has been
compared with the predictions from the fully reconstructed Monte Carlo samples,
and good agreement has been found.

With the JETQ tagging algorithm, we have performed measurements of the
CP asymmetry parameter sin(243) using B — J/¢¥ K, data sample, corresponding
to the same luminosity. Using a A¢ cut of 2.0, for the time integrated measure-
ment, we measure sin(253) to be 0.82 + 1.80; for the time dependent measurement,

we measure sin(23) to be 1.80 £ 1.15.
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Figure 10.3: Toy MC simulation of the time dependent measurement with 200
tagged events. Three MC “experiments” have been run. Each run corresponds
to a pair of plots in a given row. The left plot corresponds to the raw asymmetry
derived from the generated B and B events in each proper decay length bin. The
right plot corresponds to the raw asymmetry derived from the “tagged events”
(which have included the fluctuation of dilutions).
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Figure 10.4: Toy MC simulation of the time dependent measurement with 2000

tagged events.
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Figure 10.5: Toy MC simulation of the time dependent measurement with 1M

tagged events.
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Appendix A

The combination of tagging powers from two

sub-samples

In this chapter, we discuss how to combine the tagging powers of two sub-

samples if the tagging powers of the two sub-samples have been measured.

Suppose there is a sample with /N events, a fraction f; of the sample belongs
to sub-sample type I, a fraction f; of the sample belongs to sub-sample type
I, f1 + fo = 1. Suppose sub-sample | has tagging efficiency ¢ (relative to the
sub-sample I) and dilution D;, sub-sample II has tagging efficiency e (relative
to the sub-sample II) and dilution Dy, the tagging efficiency and dilution of the

total sample are given by

€ = f161 + f2€2 (Al)

_ fie1Dy + faea Dy

D
fier + faeo
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The combined tagging power is

(frer Dy + faeaDs)?
fie1 + faeo
2D} + 2f1facrea DDy + f3D3
fier + faeo
f1f2€1€2(D1 - D2)2
= e1D? + foea D2 —
fl 11 f22 2 f161+f2€2

eD? =

(A.3)

From Eq. A.3, the tagging power from two sub-samples is not simply the
addition of each fraction weighted individual tagging power. There is a cross

term, making the combined tagging power generally smaller than the sum of the

two individual tagging powers.
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